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Abstract: The sorption of CO, into the highly viscous, semisolid hybrid redox polyether melt, [Co-
(phenanthroline);](MePEG-S0s),, where MePEG-SO3; is a MW 350 polyether-tailed sulfonate anion,
remarkably accelerates charge transport in this molten salt material. Electrochemical measurements show
that as CO; pressure is increased from 0 to 800 psi (54 atm) at 23 °C, the physical diffusion coefficient
Denys of the Co(ll) species, the rate constant kex for Co(ll/l) electron self-exchange, and the physical diffusion
coefficient of the counterion Dcounterion all increase, from 4.3 x 1071°to 6.4 x 107° cm?/s, 4.1 x 106 to
1.6 x 10" Mts™1 and 3.3 x 10 °to 1.6 x 1078 cm?/s, respectively. Plots of log(kex) versus l0g(Dehys)
and of log(kex) versus log(Dcounterion) are linear, showing that electron self-exchange rate constants are
closely associated with processes that also govern Dpnys and Dcounterion- Slopes of the plots are 0.68
and 0.98, respectively, indicating a better linear correlation between kex and Dcounterion. The evidence
indicates that kex can be controlled by relaxation of the counterion atmosphere about the Co complexes in
the semisolid redox polyether melts. Because the counterion relaxation is in turn controlled by polyether
“solvent” fluctuations, this is a new form of solvent dynamics control of electron transfer.

Introduction The resulting apparent diffusion coefficienDApp) can be

Electron transfer over nanoscale dimensions in molecular expresseq as a summation of.a thSiC"f‘l d‘”US“?”_ coefficient
solids and semisolids is a topic that is both fundamentally and (PpHvs) with an electron (hopping) diffusion coefficieriD),
technologically significant,yet experimental evidence delineat- 9/Ven by the DahmsRuff equation?
ing the factors that control the electron transport dynamics 52
remains incomplete. Our laboratory has probed this topic by kex0"C
combining redox-active moieties with polyether oligomers to Darp = Dprys + De = Denys + —¢— 6 @
produce room-temperature mélthat are amorphous, highly
viscous, semisolids. These semisolid hybrid redox polyethers wherekgy is the electron self-exchange rate constant of the redox
(we shall call them simply “redox melts” or “melts”) are struc-  couple of the melt) is the equilibrium center-to-center distance
turally versatile model media in which to study charge transfer between electron donor and acceptor, addis the total
dynamics. The polyether chains serve as a highly viscous, concentration of redox sites in the melts.
semirigid “solvent” shell, whose properties influence the dy- Homogeneous electron transfer rate constaesg (n hybrid
namics of mass, ion, and electron-hopping charge transport. Theredox polyether melts have been found to be generally smaller,
redox melts are very concentrated so that currents in micro- and the (thermal) activation barriers have been found to be
electrode voltammetry of the undiluted melts are substantially |arger, than those for analogous reactions in dilute fluid solu-
controlled by the electron self-exchange reactions (i.e., electrontions. The experimental barrier energies are also larger than
hopping) that occur in the mixed valent diffusion layer created outer-sphere reorganization barrier energies predicted from
around the working electrode by the electrochemical reaction. classical Marcus theoyeven for nominally outer-sphere reac-
tions. The molecular reason(s) for these differences are an

(1) (a) Segal D.; Nitzan, A.; Davis, W. B.; Wasielewski, M. R.; Ratner, M.
Phys. Chem. ROOO 104, 3817. (b) Davis, W. B.; Ratner M. A.;

Wa5|elewsk| M. RJ. Am. Chem. So2001, 123 7877. (c) Berlin, Y. A.; (3) (a) Dahms, HJ. Phys. Cheml968 72, 362. (b) Ruff, I.; Friedrich, VJ.
Burin, A. L.; Ratner, M. A.J. Am. Chem. So2001, 123 260. (d) Chen, Phys. Chem1971, 75, 3297. (c) Majda, M. InMolecular Design of
P.; Meyer, T. JChem. Re. 1998 98, 1439. (e) Barbara, P. F.; Meyer, T. Electrode SurfaceMurray, R. W., Ed.; John Wiley & Sons: New York,
J.; Ratner, M. AJ. Phys. Chem1996 100, 13148. 1992; pp 159-206.

(2) (a) Velazquez, C. S.; Hutchison, J. E.; Murray, R. WAm. Chem. Soc. (4) (a) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265. (b)
1993 115 7896. (b) Poupart, M. W.; Velazquez, C. S.; Hassett, K.; Porat, Marcus, R. A.; Siddarth, P. IrfPhotoprocesses in Transition Metal
Z.; Haas, O.; Terrill, R. H.; Murray, R. WI. Am. Chem. S0d994 116, Complexes, Biosystems, and Other MolecW@xhanski, E., Ed.; Kluwer
1165. (c) Long, J. W.; Kim, I. K.; Murray, R. WI. Am. Chem. S0d.997, Academic Publishers: Dordrecht, The Netherlands, 1992. (c) SuticdN.
119 11510. (d) Dickinson, E. V.; Williams, M. E.; Hendrickson, S. M.; Chem. Resl982 15, 275. (d) Sutin, NProg. Inorg. Chem1983 30, 441.
Masui, H.; Murray, R. W.J. Am. Chem. Sod.999 121, 613. (e) Hush, N. SCoord. Chem. Re 1985 64, 135.
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ongoing part of our investigation and are, at least in part, Experimental Section
resolved here. On the basis of a remarkablE-1@ld range of Reagents. SFC/SFE grade of CO(Air Products) was used as

correlation between physical diffusivitygys) and a Co(lll/ received. The polyether-tailed sulfonate counterion (MePEG-EO

I) heterogeneous electron transfer rate constant, we have+) was synthesized as described previodsly.

speculatetlthat electron transfer and physical diffusion rates Synthesis of [Co(pheny(MePEG-SQs), Melt. Following a previous
might be co-governed by, respectively, repolarization of the ether proceduré;” an aqueous solution 0£700 mg of MePEG-S@Na*
dipoles in the polyether “solvent shell” and segmental polyether was passed through a cation exchange column pretreated with 4 M
chain motions. The time constants of these latter processes mustiCl acid, producing a solution of MePEG-$®i*. An aqueous
surely scale with one another. solution of~500 mg of [Co(phen](Cl). was passed through an anion

This report follows a seri&& of investigations in which exchange column that had been converted to the &thange state

we have used electrochemical oxidations and reductions of aW'th 4 M sodium hydroxide. The resulting [Co(phelPH). was

" ot L . immediately titrated to neutrality with the MePEG-S®™* solution,
[Co' (bpy)] ™" complex, bearing m_some_manner po_Iyther tails, and the water was then removed via vacuum evaporation.
to measurédppys and Dg, respectively, in the semisolid melt.

. High-Pressure Microelectrode Cell Fabrication. The microelec-
In a recent repo}, we demonstrated that GGsorption (at trode cell used in the pressurized £ath consists of the tips of four

high pressure, from a gas/liquid G@ath) accelerates trans-  wjres exposed in an insulating plane: a small-diametep/(@8liameter,

port properties of the hybrid redox polyether melt, [Co(bpy- Goodfellow) Pt wire working electrode, two Pt (0.4 mm diameter) wire
(COMePEG-350))3](ClO4),. CO, sorption and its consequent  electrodes, and a Ag (0.5 mm diameter) wire quasi-reference electrode.
plasticization of the metal complex increase the rate of physi- The Co complex melt was cast onto this electrode platform and
cal diffusion of the Co(ll) complex in the melt, the rate of thoroughly dried. In three electrode voltammetry, we make use of one
electron transfers between Co(ll) and (electrogenerated uponOf the two Pt wire counter electrodes. The two 0.4 mm Pt wire (counter)

reduction) Co(l) states of the complex, and the mobility of electrodes were used together to measure the ionic conductivities of
- ' - the melts. The wires were connected to 22-gauge magnet wire (Belden)
f:e metal c?omt[;]IeX C?_funttenonSDﬁOUNTER'o’\b. n tthe tr_neltk.) . with silver epoxy (Epo-Tek H20OE, Epoxy Technology Inc.). The group
ccompanylng ese eliects were decreases In activation Damel g ¢\ ejectrodes was inserted through.gin. stainless steel tube and
e“erg'es- ) potted in place with an epoxy resin (poly(bisphenotéepichloro-
This paper expands on that recent rei’by exploring the hydrin), glycidyl end-cappedyly ca. 377; Aldrich) cross-linked with
CO, pressure and temperature dependencies of transport rateg4 wt % 1,3-phenylenediamine (Aldrich). Fabrication of the resin with
in a different highly viscous, semisolid melt, one based on the fresh reagents is important to avoid subsequent leaks in contact with
cationic complex [Co(1,10-phenanthroligl®) combined with CO,. The end of the assembly was polished with alumina paste
MW 350 polyether-tailed sulfonate counterions. This melt (Successively smaller grades down to 0.08; Buehler) and cleaned
complex is abbreviated [Co(pheli(MePEG-SQ),. This more ~ electrochemically in 0.1 M k5Q, solution® .
extensive study confirms the possibility suggested by the recent High-Pressure Electrochemical Cell.Electrochemical measure-
report, namely, a new form of solvent dynamics embodied as ments were performed in a high-pressure cylindrical view cell
countérion atn%osphere relaxation dynamics. The important constructed of 316 stainless steel with a cavity volume of 25 mL. Two
contribution is the strong evidence that thelsemisolid state sapphire windows (1 in. diameter affgin. thickness, Crystal Systems)

. Y were mounted into opposing sides of the cell bottom and held in place
electron transfer rates of ®g and possibly of other semisolid with hollow brass bolts and Teflon O-rings. Thr¥g; in. Taper Seal

redox systems, may be controlled by the dynamics of counterion ports (High-Pressure Equipment’s standard) were machined in the cell
atmosphere relaxation, rather than by the intrinsic electron for CO, inlet/outlet and thermocouple connections. Ghein. NPT
transfer rate itself. port was tapped into the cell for the microelectrode probe. Temperature
was controlled withint0.5 °C of the set temperature using a water
jacket connected to a temperature controller (model RTE-110, Neslab).
The pressure within the cell was monitored using an output pressure
transducer (model TJE AP121DV, Sensotec). High-pressurewa®
introduced to the cell using a syringe pump (model 260D, Isco). Safety
information regarding handling of high-pressure apparatus is described
elsewheré.

High-Pressure Swelling Cell. The extent of C@swelling of the
molten salt [Co(pheg)(MePEG-SQ), was measured with a high-
pressure cell specifically designed to measure volumes at elevated CO
pressuré® The measured swelling volume and molar volume of the

& /K’ Co complex melt at vacuum (obtained from density measurements)
4, were subsequently used to estimate the concentration of the Co complex
[Co(bpy(ConePEG-350)z)3](ClO4)2 (5) (a) Williams, M. E.; Crooker, J. C.; Pyati, R.; Lyons, L. J.; Murray, R. W.

J. Am. Chem. S0&997, 119, 10249. (b) Williams, M. E.; Masui, H.; Long,
J. W.; Malik, J.; Murray, R. WJ. Am. Chem. Sod.997 119, 1997. (c)
+ Williams, M. E.; Lyons, L. J.; Long, J. W.; Murray, R. W. Phys. Chem.
B 1997 101, 7584. (d) Dickinson, E. V.; Masui, H.; Williams, M. E.;
o CH, Murray, R. W.J. Phys. Chem. B999 103 11028.
0,87 ‘(\/\o‘)’e (6) Lee, D.; Hutchison, J. C.; Leone, A. M.; DeSimone, J. M.; Murray, R. W.
J. Am. Chem. So@002 124, 9310.
(7) Ritchie, J. E.; Murray, R. WJ. Phys. Chem. B001, 105 11523.
_OSSNO\(\/\O«)/CHs (8) Conway, B. E.; Angerstein-Kozlowska, H.; Sharp, W. B. A.; Criddle, E.
© E. Anal. Chem1973 45, 1331.
(9) See, for example: Sullenberger, E. F.; Michael, AA@al. Chem1993
65, 2304

- 10) Ro er, J. R.; DeSimone, J. M.; Khan, S. Macromoleculesl999 32,
[Co(phen);|(MePEG-SO3), (10) Roye
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melt (C), its fractional free volumeRFV),** and the equilibrium, center- 12

to-center distanceﬂ.ijl2 between po complexes in the melt at each,CO vacuum I

pressure (Supporting Information). 1071 .. 200 psi L
Electrochemical MeasurementsCyclic voltammetry and chrono- g —— 500 psi "!'fl

amperometry of the Co complex redox melt were performed at different —-—- 800 psi \

CO, pressures using a home-built, low-current potentiostat. All

measurements were carried out on [Co(pEéMePEG-SQ), melts

to which 3 equiv of MePEG were added to soften the melt and provide
ionic conductivity sufficient to support microelectrode voltammetry

(o)
vy
ROl

Current (nA)
D

without CQ; plasticization. Films of the Co complex melts (ca. 1 mm 2

thick) were cast onto the microelectrode platform and thoroughly dried

(sorbed water is a potent plasticizer) under vacuum (calD 2 Torr) 0

in the high-pressure cell at 7@ for at least 3 days. Films were 2

equilibrated at each temperature and pressure for &t 2elagprior to

measurements. Cyclic voltammograms were used to determine the peak -4 . - . . :
potentials of the Co(ll/l) and Co(lll/Il) waves. For chronoamperometry, 1.0 0.5 0.0 -0.5 -1.0
potential steps of 4066500 mV starting from a non-Faradaic region Potential (V vs. AGQQRE)

and arriving at diffusion-limited potentials of the waves were used.

For the Co(lll/ll) couple, the current decays in a linear diffusion region Figure 1. Cyclic voltammograms (5 mV/s) of [Co(phef(MePEG-SQ),
and was analyzed with the Cottrell equation: + 3MePEG melt at 14.&m radius Pt microdisk electrode at 2@ and
under vacuum or at indicated G@ressures.

| = nFADY’C/7"%"2 ) 5 3

wherel is current,F is Faraday’'s constanf is the microelectrode
area,D is the diffusion coefficientC is concentration (mol/c#), and DE
t is time. (The radius of the microelectrode (14u8) was calibrated

by voltammetry of ferroceriéin acetonitrile.) For the Co(ll/l) couple

in the melt, the faster, electron-hopping charge transport produces radial
diffusion conditions after longer electrolysis tii¢typically after 2000

s). The resulting steady-state currerts)(are analyzed with®

DCOUNTERION

OioN

Deonys

lgs= 4nFrDC ®3)

-9 1 L -5

log (D (cm?/s))

A

log (o, (S/cm))

lonic conductivities of the melts were measured using a Solartron Model
S| 1260 impedance/gain phase analyzeiSI 1287 electrochemical
interface combination. Impedance measurements from 1 MHz to 1 Hz
were performed at 0 V DC bias and-260 mV AC amplitude. (This
potential corresponds to ion transport in the melt in the Co(ll) state.) -10 T T T T T T T
lonic conductivity was calculated as the product of geometric cell 0 200 400 600 800 1000 1200
constant (22.5 cnt) and resistance (taken from the low-frequency real- Pressure (psi)

axis intercept of the complex impedance semicircle).

-6

Figure 2. CO, pressure dependencies Dfnys, gion, Dcounterion and

Results and Discussion Dk in [Co(phen)](MePEG-SQ), + 3MePEG melt at 23C.

Charge Transport in [Co(phen)s](MePEG-SOs); at Varied (phen}]?* oxidation at+0.56 V. This difference in currents
CO, Pressures.Figure 1 shows voltammograms of the coun- 0ccurs, although the same complex, [Co(pkEn) physically
terion-tailed cobalt complex melt, [Co(pheliMePEG-SQ)s, diffuses to the electrode in both reactions. The large reduction
in baths ranging from vacuum to GQit elevated pressure. currents arise from the facile electron self-exchange reactions
Changes in pressure alone have no effect on any of the transporthopping) of the Co(ll/l) mixed valent diffusion layer in the
parameteré® As observed previously for Co bipyridine com-  electrode/melt interfacial region generated by [Co(pkéh)
p|exes5,v6the [Co(||/|)(phen)]2+ reduction current peak at0.72 reduction. When the metal CompleX is oxidized, on the other

V is (at all pressures) much larger than that for the [Co(lll/Il)- hand, charge transport by electron hopping in the Co(lll/Il)
diffusion layer is negligible, because of the slow Co(lll/Il)

(11) (a) Fractional free voluméEV) was estimated fromFFV = (Vi — Vi,)/ reactiont” The currents measured during Co(lll/Il) oxidation
Vm, WhereVy, = M/p is the molar volume of the meliyl and p are the . . .
molecular weight and density of the melt, respectively, afdis the thus measure solely physical diffusioDgys) of the Co(ll)

estimated van der Waals volume, calculated using a functional group i i
contribution method!*d (b) Van Krevelen, D. W.; Hoftyzer, P. J. complex, V.Vher.eas thos.e. of the C.O(“/I) reduction glve an
Properties of PolymersElsevier Scientific Publishing Co.: Amsterdam, ~ apparent diffusion coefficient comprised of both physical and

1272-750)(3/)6135:;\/*163”.PDHstV-:C l;gf%zsae&% éﬂﬂplpl- Polym. Sci1969 electron (hopping) diffusion as given in eq 1. The diffusion

(12) & is taken as the equilibrium center-to-center distance between Co complexesCoefficients for the Co(lll/Il) Dpxys) and Co(ll/l) reactions
and is calculated from the melt density on the basis of a fictitious cubic — ; ;
lattice model. For C@swollen Co complex melt) values are estimated (Dapp = Dprys + De) were determined at 2 as a function
from the swollen volume (Supporting Information).

(13) Owlia, A.; Wang, Z.; Rusling, J. K. Am. Chem. Sod 989 111, 5091. (16) Increasing C®pressure could affect transports in the melt in at least two
(14) (a) Convection effects on transport are not observed in these viscous media ways: plasticization of the polymer matrix arising from imbibed G@d
even at a much longer tinté? (b) Crooker, J. C.; Murray, R. WAnal. compression from the increased hydrostatic pressure. A previous®study
Chem.200Q 72, 3245. shows that there is no pressure effect (up to 4000 psD@ns or De in
(15) (a) Wightman, R. MAnal. Chem1981, 53, 1125A. (b) Kovach, P. M; the melts. The observed increases in transport rates are therefore associated
Lowry, C.; Peters, D. G.; Wightman, R. M. Electroanal. Chem1985 with CO,-swelling and plasticization.
185, 285. (17) Buttry, D. A.; Anson, F. CJ. Am. Chem. S0d.983 105, 685.

1098 J. AM. CHEM. SOC. = VOL. 125, NO. 4, 2003



Relaxation Control of Electron Transfer Dynamics ARTICLES

Table 1. Physical Dynamics and Electron Transfer Results for [Co(phen)s](MePEG-SOs3), + 3MePEG Melt at a Series of CO, Pressures

CO, density (g/mL) 0.000 0.027 0.078 0.163
CO;, pressure (psi/atm) at 23 °C vacuum 200/13.6 500/34 800/54.4

Co concentration (M) 0.47 0.45 0.42 0.39
o (A2 15.2 15.4 15.8 16.2
Dprys (23°C) Co(lll/Il) (cm?/s) 4.3x 10710 1.1x10° 29x 10°° 6.4x 107°
DCOUNTER|ON(23 °C) (CmZ/S)C 3.3x10° 5.3x 10° 1.1x 10°8 1.6x 10°8
De (23°C) Co(ll/1) (cn¥/s) 7.5x%x 107° 1.0x 1078 1.7x 108 2.7x 1078
EA,PHYS (k\]/m0|f 55 44 35 29
EA'|0N (kJ/moI)e 39 34 27 23
Ea et (kd/moly 36 35 30 27
tcounTerion (23 °C)f 0.79 0.71 0.64 0.55
DCOUNTERIOI\/DE 0.44 0.51 0.61 0.58
kex (23°C) (M~1s D)9 4.1x 1P 5.8 x 1(° 9.9x 1P 1.6x 107
Kpivn (23°C) (Mg hyh 9.5 x 1012 7.6 x 102 2.1x 1012 8.5x 101
exp(—AG*/RT) (23°C) 4.4x 107 6.7x 1077 51x 10 1.7x 10°°

a Estimate from density and swelling volume measurements (Table §69m Cottrell slope (eq 2) chronoamperometrZalculated via eq 4! Calculated
from eqs 1 and 3% From slopes of activation plots in Figure 4Transference number for the counteri@iCalculated via eq 1" Intercepts of Figure 4
activation plots ofkgx. ' Calculated by usingea et values forAG*.

0.30 7 3
025 | (@) (b)
0.20 % . L4 €
> £ ? OioN * 3
2 015 £ %)
> a 5}
Q010 a . D G
o 91 L ~
0.05 3 PHYS 2
0.00
— -10 : : : -6
0 200 400 600 800 20 25 30 35 40
Pressure (psi) 1/FFV

Figure 3. (a) CQ pressure dependence of the swelling volul®)(at 23 °C relative to the initial volume\(g) and (b) relationship between physical
diffusivity(Dpnysg)/ionic conductivity ¢ion) and the reciprocal fractional free volumeREN) for CO,-swollen [Co(phen(MePEG-SQ); + 3MePEG melt
at 23°C.

of CO, pressure with potential step chronoamperometry; the observations are consistent with €®eing an effective

results are presented in Figure 2 and Table 1. Bathys and plasticizer of the Co complex melt, by changing its free volume
De are remarkably dependent on g@essure, increasing from  content.
vacuum to 800 psi (54 atm) Gy ca. 15-fold and 4-fold, Additional possible corrections involve effects of (a) elec-

respectively. (The experiments were not carried to highes CO tronic and (b) ionic migration on the transport results of Table
pressures because the MePEG added to the redox melt (se&. Electronic migration refers to an alteration of the elec-
Experimental Section) tended to dissolve at the highep CO tron-hopping rate (e.g., for Co(ll/l)) by electric field gradients
densities.) Concurrently, the ionic conductivityon and the in the sample; such gradients typically arise from a small
Dcounterion Of the Co complex melt also increased (Figure 2 Dcounterion relative toDe and can lead to overestimation of
and Table 1) with increasing Gpressure. Observation of a Dg.2° As before3¢6 Dcounterion IS estimated from the
COz-indUCGd plasticization effeton Dphyvs and DcounTERION measured ionic COﬂdUCtiVitie$|()N) and Dphys with1®

in [Co(bpy(CQMePEG-350))3](ClO,4), melts was noted above;

the present data further reflect the close association of polyether EF?2

chain segmental motions with both Co complex and counterion %ioN — ﬁ-[zéoDCOCCo +

transport.

Itis necessary to detail various corrections to the experimental
transport parameters, considering first the concentration dilution
of the melt by imbibed C@ Figure 3a shows optical swelling
volume measurements; the volume of the Co complex melt
increases by ca. 20% as g@ressure increases from vacuum
to 800 psi (54 atm). Swelling volume-corrected concentrations
were used to calculate average Co complex center-to-center(is) (a) Flory, P. JJ. Chem. Physl95Q 18, 108. (b) Cohen, M. H.; Turnbull,

i H i H D. J. Chem. Physl959 31, 1164. (c) Stern, S. A.; Saxena, ¥. Membr.
distances {, given in Table 1) and fractional free volume Si. 1980 7. 47 (d) Stern. 5. A.: Frisch. H. LAnnU. Re. Mater Sci

ZéOUNTERIOI\I)COUNTERIOI\F:COUNTERIOI\] (4)

wherez, D, and C are the charge, diffusion coefficient, and
concentration of the indicated species, respectively. The evalu-
atedDcounTterionValues (Table 1) were applied to the migration
theory of Saveart? The ratio DcounterioNDe Was less than

(FFV)1218for each CG-swollen melt, as done befofeFigure 1981, 11, 523.
; ; (19) MacCallum, J. R.; Vincent, C. A2olymer Electrolyte Réews Elsevier
3b shows that lod#pnys) and log@ion) vary linearly with the Applied Science: Oxford, U.K.. 1987: Vol. 1.

reciprocal free volume (EFV), with negative slopes. These (20) Andrieux, C. P.; Saveant, J. NI. Phys. Cheml98§ 92, 6761.
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9 9 9
8
X 8 4 7
Xw \’\\__\-\-\ ~ 81,
[e)) x
o 7. S3 5
= .
o)
Lo 5]
6 t f t
-3 1
Z 6 , .
g -10 9 -8 -7
8 log (Dpyys)
-5 Figure 5. Relationship betweekgx for Co(ll/l) reaction andDppys for
. ‘ . . . Co(lll/ll) reaction measured at various temperatures—@&3 °C) in
7 ' ‘ ' ' ‘ [Co(phen)](MePEG-SQ), + 3MePEG melt at varied COpressures:
vacuum @), 200 (&), 500 (v), and 800 psiM). Slopes are 0.65, 0.79,
(%) 0.86, and 0.94 at vacuum, 200, 500, and 800 psi, respectively. Ikset:
E -8 1 VS Dpnys in [Co(phen}](MePEG-SQ), + 3MePEG melt (filled symbols)
Qﬂ- and [Co(bpy(C@MePEG-350))3](ClO4), melt (open symbols, reproduced
from ref 6).
2 o
- Thus, the temperature dependence of the electron transfer
10 reaction rate constant can be expressed by
29 3.0 31 32 33 34 35
_ AG*
1000/T kEX = Kp’(VN expg— RT (5)
Figure 4. Activation plots ofkex (upper),aion (Middle), andDphys (lower)
at varied CQ pressures: vacuun®j, 200 (), 500 (v), and 800 psiM). where the experimental activation enthalpyer ~ AG* (=4/

4, wherel is the reorganizational energy, and the reaction free
one, but only modestly so, and the corrected valueDef  energy is smafti??, Kp is the donor-acceptor precursor complex
increased by only 10%. The activation parametefs ef) formation constant is the electronic transmission coefficient,
obtained from the correctdde were unchanged. lonic migration  andwy is the nuclear frequency factor.
refers to physical mass transport of an ionic reactant that is aided  CO,-swelling-induced changes in the rate constastcan,
or retarded by it, supporting a significant portion of the ion flow according to eq 5, arise from changes eitheEinr or in the
that accompanies electrode reactions. lonic migration of a preexponential term. The decreaseBner from 36 to 27 kJ/
reactant is negligible when the transference number of the othermol (from vacuum to 800 psi, Table 1) should produce an ca.
ions (i.e. tcounTerioN ! is large. Table 1 shows theounTerion 40-fold increase irkex, but only a 4-fold change is actually
is only modestly less than unity, so underestimatiomgfiys seen. Table 1 shows that a contravening ca. 10-fold decrease in
because of ionic migration of the Co(ll) complex is not the preexponential termKfxvy) occurs with increasing CO
significant (worst case ca. 20%). We conclude that migration pressure (although the relatively small temperature interval and
effects are unimportant in these measurements. long extrapolation of the Figure 4 activation plots entail a

Temperature Effects.Figure 4 shows hoWppys, oion, @and considerable uncertainty). The precursor complex formation
the electron self-exchange rate constant (calculated from constantKp is near unity® and is unlikely to exhibit a large
Dg) change with temperature, and Table 1 gives the associatedpressure-dependency, so the preexponential changes are associ-
activation barrier energie§apnys, Eajon, and Eaer. The ated with«xvy. While the change imvy is in the direction of
activation barrier energy fdDpnys in @ vacuum exceeds those the electron transfer reaction becoming less adiabatic with
for Dcounterion@ndDg, but all of the barrier energies decline increasing CQ pressure, all of thevy values are quite large
with increasing CQ@ pressure and converge to very similar and consistent with overall adiabatic behavior. The ca. 1 A
values at 800 psi (54 atm). The activation barrier energies for change in the average metal complex spacing in the et (
DcounterionandDe are similar at all pressures, suggesting that Table 1) is not believed to be large enough to weaken the
the processes of counterion and electron hopping are closelyelectronic coupling between the Co complex reactants. By
associated. elimination, we point then to changes in the nuclear faetpr

The enthalpic activation barrier energy for the Co(ll/l) as the likely source of increase kgx with increasing C@
electron transfer reaction can be equated with the activation freeplasticization. Recent measureméhtsf the rate of the hetero-
energy because the self-exchange reaction is symmetrical (ingeneous Co(lll/Il) electron transfer reaction in this melt when
which casé?2reaction entropy and activation entropy are zero). the added plasticizer is MePEG lead to a similar conclusion.
Electron Transfer-Diffusivity Correlation. Figure 5 shows
(21) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals and  log—log plots of the Table kex and Dppys results. The four
22) ?(,5",'\"%&\‘,\‘,'%?15 f/ﬂdD?;dé?th%*jnN‘A"r']'ﬁg_ %S_OQE;S’_\‘%Wh er‘q)l”;éiOgSl’? 4"3?_7@ lines in Figure 5 are for different pressures; the variations in

Sutin, N.; Brunschwig, B. S.; Creutz, C.; Winkler, J.Rure Appl. Chem.
1988 60, 1817. (23) Harper, A. S.; Lee, D.; Murray, R. W., manuscript in preparation.
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Figure 6. Relationship betweekex for Co(ll/l) reaction andcounterion
measured at various temperatures{82 °C) in [Co(phen}](MePEG-SQ),

+ 3MePEG melt at varied C{pressures: vacuun®j, 200 (), 500 (v),

and 800 psiM). Slopes are 1.02, 1.06, 1.18, and 1.18 at vacuum, 200, 500,
and 800 psi, respectively.

log (Dcounterion)

ngLII‘E 7. kEX VS DCOUNTERIONfor [Co(phen)](MePEG—SQ)g + 3MePEG
melt (filled symbols), [Co(bpy(CeMePEG-350))3](ClO4), melt (open
symbols, from ref 6), and [Co(bpy(GMePEG-350))3](ClO4)2 + XLiClO4
melt (crossesx = 0—1.31, from ref 5c).

kex and Dpuys on each line are produced by temperature
variation. The slopes of the four linear plots range from 0.65 to

previous data are for the [Co(bpy(@@ePEG-350))3](ClO4):
(open symbols) melt, where rate variations were provoked in
one study by changes in G@ressure and temperatfisnd in
another by the dissolution of various amounts of Li¢IO
electrolyte in the [Co(bpy(C&MePEG-350))3](ClO.), (under
vacuum at room temperaturE)In the latter case, rate variations
are not plasticization, but are associated with chain cross-linking
by Li™ cation/polyether coordination, resulting in a decrease in
chain segmental mobility in the melt.) The correlation among
the collected data in Figure 7 is excellent, with a slope of 0.98
(i.e., essentially unity), extending over a8%6ld range of values.
That the slope is nearer to unity than in the Figure 5 inset implies
that the dynamics of polyether environment fluctuations that
support a diffusive mass transport hop ofsaall entity
(perchlorate or the sulfonate headgroups of the polyether chain)
are more closely representative of events controlling electron
transfer rates than are the polyether fluctuations supporting
diffusive transport of darge entity (the Co complex).

Consideration of Electron Transfer Dynamics.A related
redox melt containing Co bipyridine complexes ([Co(bpy-
(CO,MePEG-350))3](ClOy),) displayed a strong correlation
between changes in Co(ll/l) electron transfer and Co(ll) complex
physical diffusion rates induced by GGwelling-plasticization.
This and other diffusion rate-electron transfer rate correldfigts
have been interpreted in terms of so-called “solvent dynamics”
control of the electron transfer rate. In the redox meftshe
“solvent” can be considered as the polyether chains (the source
of free volume for physical transport motions as represented in
Figure 3 and previoust). The suggestion is that the rate of
dipolar reorganization of the ether dipoles and concurrent chain
segmental motions in the polyether chain assume synonymous
rate control of electron transfer and physical transport, respec-
tively.

Next we briefly trace a theoretical rationale for a connection

0.94; the largest slope occurs at the highest pressure (highesbetween electron transfer rates and physical diffusivity. For

degree of CQplasticization). The Figure 5 inset shows a plot
combining the present [Co(phel{MePEG-SQ), with previou$
[Co(bpy(COMePEG-350))3](ClO,), melt data for all temper-

electron transfer reactions under adiabatic solvent dynamics
control, solvent dipolar fluctuations influenag through the
barrier crossing frequency, provided the solvent fluctuations and

atures and pressures. The striking near-linear correlation has dhe transition-state motion are closely coupfed:

slope of 0.68 and extends over a range of roughR+adl in
Dphys

An even better correlation between physical diffusivity and
electron transfer rates is obtained if one represents physical
difoSiVity with DcounTeRION rather than WitthHys. The

AG* - J1/2
= —°S] 6)

TR aRT

whereAG* osis the outer-sphere reorganizational barrier energy,

diffusion coefficients of the melt counterion (polyether-tailed andr, is the longitudinal solvent relaxation time or time constant
sulfonate in the present case, perchlorate in the other Co complexor solvent dipole reorganization. As noted above, while the
melt’) are obtained from ionic conductivity data and eq 4 as melts are highly concentrated in ions, they also contain a
described above. The actual valuesDefounterion (Table 1) significant amour¥t of polyether “solvent.” The reorganization
are strikingly similar to theDg results and vary with CO in the bath surrounding the doneacceptor pairs is comprised
pressure in a similar manner, and their activation barrier energiesof both polyether and ion dipole fluctuations, making the overall
are nearly identical. This correspondence is displayed ifrlog  process more complicated, with no available expiicivalues.
log plots of De and Dcounterion in Figure 6, where the four  Nonetheless, eq 6 is a useful theoretical framework, within
lines again represent temperature dependencies at constant
pressure. The slopes of the lines in Figure 6 range from 1.0 t0 (24) (a) zhang, X.; Leddy, J.; Bard, A. 3. Am. Chem. Sod.985 107, 3719.
1.2. The correlation between Co(ll/l) electron transfer rate gg)) I\ZA?:QQ\}V)_?b\i(r%n,gz’_;Héa?;r%Gj_mbggf 8,?;’2;55}?29%5?%912?1(35
constantkex and Dcounterion iS seen to be excellent in the Gu, N.; Zhou, H.; Ding, L.; Shi, Z.; Dong, Solid State lonic200Q 138
[Co(phem)](MePEG-5Q), melt. 125, 6) ot 1 Dong & Eleifoanal Cherte? 425 55. ) Py
Figure 7 expands the comparison betwekg and (25) (a) Weaver, M. JChem. Re. 1992 92, 463. (b) Fawcett, W. R.; Opallo,
Dcounterion by adding to the Figure 6 data (filled symbols),
previous results in which the counterion was perchlorate. These

M. Angew. Chem., Int. Ed. Endl994 33, 2131. (c) Zusman, L. DChem.
Phys 198Q 49, 295. (d) Calef, D. F.; Wolynes, P. G. Phys. Chenil 983
87, 3387. (e) Heitele, HAngew. Chem., Int. Ed. Endl993 32, 359.
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which 7. can be further relatéto diffusion coefficients D) i~ S e -
by the Debyé*26and StokesEinstein equatior?4? X Co'Co k., X CoCo’ —CoCo'X (8)
. €s (Gs) 3r,D @ in which the electron transfer rate constant is given by
a €oprlD a €opl 2a® 1 1, kg
=i N ©)
kEX kl k2k1

whereeq, andes are the optical and static dielectric constants,

respectivelyzp is the Debye relaxation time, is the molecular and the counterion relaxation rate constdaj ¢an be repre-
radius, andy is the hydrodynamic radius. This prediction of sented as a diffusive motiorD( also given by the classical
an inverse relation between andD is taken, for the present  Einstein equatioty) given by?

purposes, as an inverse relation between the rate of effective

dipolar reorganization in the melt and the rate of physical k, = D(la)z (10)
diffusion of an object in it, with probably some difference in 2

the proporthnal.lty constant connecting the tWOj ~ whereais the counterion diffusion length or (case Ill) the overall
The combination of eqs 6 and 7 forms the basis for expecting yate constant for diffusive steps before and after the electron
correlations between physical diffusivity and electron transfer {ransfer reaction. Considering eq 9, we find that, if its right-
rate, by way of the effective solvent dipolar relaxation)( as hand term is dominanthe experimental electron transfer rate
used previouskf and as examined in Figures 5 and 7. In Figure gonstant kx becomes proportional to, and controlled by, the
5, the correlation relies on measuring physical diffusivity with  ~qnterion diffusiity DcounTerion jUst as is observed in Figures
Dprys and is good but nonetheless is not exactly linear (i.e., g gnd 7.
the log-log slope is less than unity). It has been seen \ye priefly examined the above scenario of counterion
previously**#' that electron transfer rates can vary witr® atmosphere relaxation (or reorganization) in a recent stiidhe
(0 < 6 < 1) when the reaction adiabaticity is weak or inner- ey data convey a broader and more conclusive case, based on
sphere reorganizational energy is large, weakening the depenyyq different melt systems containing two different counterions
dence of the preexponential factor on solvent. We suppose thatan two different plasticizers, that ionic atmosphere relaxation
the & < 1 in Figure 5 must reflect weakness in the coupling ¢ould provide a connection between physical diffusion and
between a Co(ll/l) electron transfer and a Co(ll) diffusive hop;  glectron transfer rates. The connection differs from “solvent
the polyether environment fluctuations that lead to dipole gynamics” in its usual context of solvent dipolar relaxation, in
reorganization for the electron hop are not exactly the same astnat the rate of counterion atmosphere relaxation, as expressed
those that take place in the course of a diffusive mass transport, egs 9 and 10 above, is the signal factor controlligg.

hop. That there is some coupling, however, is clear from the Tpjs is then a kind of “solvent dynamics” in which the solvent

results in Fig.ure S and. in preceding paprs. dipolar fluctuations (and PEG chain segmental motions) govern
An alternative analysis u'ses the counterion physical diffusivity Dcounterion @nd it in turn controls the overall rate of electron
as a measure of solvent dipolar relaxation and thugafThis transfer. In the context of eq 9, the counterion atmosphere

model of solvent dynamics control of the electron transfer rate relaxation rate is decoupled from what would be considered
is parallel to that discussed for Figure 5, but Figures 6 and 7 classical solvent dipolar relaxation “solvent dynamics” control
show thatDcounTerion S€EMS to be a superior measurerjaf of kex. The crucial facet of this new interpretation is that the
However, there isnotherway to interpret Figures 6 and 7,  owverall rate of the electron transfer is not the intrinsic rate,
in terms ofDcounterion that has more profound implications  but the diffusion rate of the counterion.
for the meaning of experimental values kdx. We refer to Coupling between counterion diffusivity and electron transfer
predictions of Figures 6 and 7 behavior derived from theory rates has been discusgetf-*°before in the contexts of charge
writter?8 for ion pairing effects on electron transfer reactions. compensation and electronic migration effects. The present study
The redox ions and counterions in the melts can be consideredreveals that the counterion diffusion and the electron transfer
to be intrinsically ion paired (at least of the solvent separated can be strongly coupled in highly viscous redox polymers and
kind). The relocation of cationic charge that accompanies a semisolids even when the counterion transport is sufficiently
Co(ll/l) electron transfer must be accompanied not only by the fast that these other factors are not significant. In addition, in
usual reorganization of solvent dipoles, but also, in addition, another stud$} from this laboratory, we have shown by finding
by a redistribution of the counterions, thatiislaxation of the percolative behavior that when the redox counterion diffusivity

ionic atmosphere around the Co(ll/l) reaction pairhe most is negligible (i.e., the counterion is a polymer like DNA or
general case of such relaxation corresponds to “ion transfersulfonated polystyrene), its sites are Co(ll/l) electron transfer
accompanying the electron transfer” (case3ror simplicity, inactive despite the presence of other Co(ll) complex sites that

we consider a limiting case (case?¥)in which electron transfer  have diffusive perchlorate counterions and are electron transfer
occurs at some counterion position followed by ionic atmosphere active. Finally, we have puzzlgtF-32why the activation barrier

relaxation. The reaction is thereby cast as a two-step process:

(29) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals and
Applications 2nd ed.; John Wiley & Sons: New York, 2001; p 147.

(26) (a) Hasted, J. BAqueous DielectricscChapman and Hall: London, 1973. (30) (a) Majda, M.; Faulkner, L. Rl. Electroanal. Chem1982 137, 149. (b)

(b) Smyth, C. PDielectric Behaior and Structure McGraw-Hill: New Surridge, N. A.; Sosnoff, C. S.; Schmehl, R.; Facci, J. S.; Murray, R. W.
York, 1955. J. Phys. Chem1994 98, 917. (c) Saveant, J.-Ml. Electroanal. Chem.
(27) (a) Fawcett, W. R.; Opallo, M. Phys. Chenil992 96, 2920. (b) Fawcett, 1988 242 1.
W. R.; Opallo, M.J. Electroanal. Cheml993 349, 273. (c) Fawcett, W. (31) Leone, A. M.; Tibodeau, J. D.; Thorp, H. H.; Murray, R. W., manuscript
R.; Opallo, M.J. Electroanal. Chem1992 331, 815. in preparation.
(28) Marcus, R. AJ. Phys. ChemB 1998 102, 10071. (32) Masui, H.; Murray, R. Winorg. Chem.1997, 36, 5118.
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Supporting Information Available: Data on concentration
correction (Table S1), and transport (Table S2) for,&@ollen
[Co(pheny](MePEG-SQ), melt (PDF). This material is avail-
able free of charge via the Internet at http:/pubs.acs.org.
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