
sys tems di s cus s ed here . We se t K = 00 an d a = 0 fo r an ohmic e lec_ 
trode . I f one of t h e elec t rodes ~s ohmic t he system is considered a 
half -cell an d M is given by Eq . (Z6) ; o therwise we se t M = i / ZL ,nwhere i is the t o t a l d i stance between t he t wo elec t rodes , minus the 
t h i cknes s o f any compac t l a yers . 

Fig . 5 shows t he i mped an c e of a half -cell wi th K = 0.01 and 
Chang -Ja ffe elect rode kine tics fo r a numbe r of valuesPof t he s teady 
bias cu r ren t . All of the curves have t he same gene ral form as the 
I~ = 0 , unbiased case , fo r which t he exact r es ult i s known ,l-3 ,6 and 
co nsis t of t wo semicircu lar port i ons, the sma l ler associated wi th t he 
bu lk r e spons e and t he larger wi th t he elec t rode r ea c t i on and the be­
havio r of t he space charge r eg i on at t he elec t rode . At Q = 0 the 
curves i n tersec t t h e Re(Z) ax is a t RuN = 1 + RRN where RRN is t he 
no r malized d i ff erent i a l i n ter f acial r es i stan ce , 

~ = M- l dn*/dI* (49) s s ' 

and n* is t he steady-state overpo tential . 
s 

Fig. 6 shows impedance r es u l t s obtained fo r a sys tem with K = 
0 .01, a = 1, an d Butler -Volmer electrode kinetics. One immedia t~ ly 
no tices t hat t here is much qual ita tive similari ty wi th t he Chang­
Jaffe case ( Fi g. 5) bu t t hat the va ria tion of sys t em i mpedance wi t h 
biasing cur rent is no t as pronounc ed . I n ge ne ra l , th e l arger t he 
va l ue of 0 , the smal ler t he sensi tivity of t he sys tem r es pon s e t o t he 
biasing potent i al. 

As in t h e steady -state case , t he impedance of larger s ys tems with 
one or two polar i zable e lec t rodes can be app roxima ted f rom the imped­
ance obtained fo r t wo ha lf -cells , wi th M large enough t o i s ol ate the 
space-charge l ayer a t t he electr ode . I n Figs. 7 and 8 we show t he im­
pedance of a symmet rical cell co ns isting of ZOO Debye l en gt hs of el ec­
tro l yte be tween t wo i de ntica l polar i zab l e elec t rodes with K = 0 . 01 . 
I n Fig . 7 Chang - Jaffe kine tics a r e assumed whi le i n Fi g . 8 gutle r ­
Volme r k ine t i c s are employed wi t h a = 1 . I n con t ras t t o Figs . 5 and 
6 , t h e bul k arcs in t he presen t cases a re compa rable in size t o t he 
electrode r eact i on a rcs . For even larger systems , wi th t he same va l ue 
of K , t h e e lec t rode r ea c t i on arc becomes less significan t as a fea ­
tu rePof t he sys tem r es pons e. 

A numbe r of qualitative co nside ra tions which bear upo n t he de ­
te rmina tion of elec trode kinetic pa r ameters f rom biased small -signa l 
ac r e s pon s e measuremen ts can be d e r i v ed f rom t he r es ul t s pres ented 
here . For a given e lect rode/elec t r o ly te combination t he values of Kg 
and a a re fixed . The r e l at i ve s ize of t he elect rode r eact i on a rc ca 
be enhanced by us ing t he smalles t possible electrode sepa ra tion and by 
biasing the sys tem so as t o c rea te a deple tion o f charge-car rier con­
centra tion a t t he electrode of i nterest . For symmet rical sys tems one 
fo rms bo th an accumula tion layer and a depletion l aye r, with t he 

_ ill r espons e domina ted by t h e dep le tion l ayer at low f requencies . 
steinl Y si tua t ions a rise ( l arge M, l a r ge K ) in which the r eact i on 

er t a . . P r is no t a d om~nan t featu re of t h e Nyqu~st or Cole-C ole plo t. Eve n 
~c s u ch cas es , however, an es tima te of the r eact i on r a t e co ns tant can 
e obtained f rom t h e d:pendence of th ~ r e a l and im~g inary p~ r t s of Z 

y on f requency . Th~s can be done ~n a sys tema t~c way us ~ng a com­
non-l i nea r leas t -squares fi t ting t echni que ZI and an app rop ria te 

~~~va len t circui t as i s discussed below . 

7. Equiva l ent Ci rcui t fo r Bi a s ed Smal l -Signal AC Response 

Prior experience wi th t h e use of ap proxima te eq u ivalen t circuits 
~ descr i b e un b i as ed small-signal ac r es pons e s ugges ts t ha t the cir ­

!ti t of Fi g. Zb mi gh t serve as an ad equat e r epres entation of the 
~ased small-s i gna l r es pons e of one- mobi le sys tems , provided that the 
£l r cuit component s a re assigned va l ues which depend upon I: . This 

ssib i l i t y has been t ested by fi t t ing many of t he no r ma l ized biased 
II-signa l impedance r e su lt s obtained i n t h i s work t o a circuit of
 

he form given i n Fig . Zb , bu t wi th C and Roo r epla c ed by t he 1: ­

~ende n t quan t i ties Cl and Rl . The gfi t ting was accomplished using
 
~e non l i nea r l ea s t-s qua r e s procedu r e fo r the fi tting of complex data 

Zl Irvi s ed by Ma cdona ld an d Garber . In t he present wor k t he data were 
:aken at unif o rmly s paced va l ues in l og Q and were weighted eq ua lly. 

IFp r Chang-J a f f e systems , CrN was he l d a t its t heore t i ca l value of 
[N= 1. Represen tat ive f~ tt ing r es u l t s fo r the no rma l ized system im­
'aance, ZN' a re given in Table 1 , including the es timated unce r tain­
i es i n t he normalized pa rame ters and t h e estima ted standa rd deviat i on 
~ " the overa l l fi t . Since the equiva len t c i rcuit provides only an 
;Ppr oxi mat ion t o t he exac t r es u l t and may dev i a t e f rom i t more in one 
~ 

requency r ange than ano ther , t he es tima ted uncer tain ties hav e heu r i s ­
c value but no t nec es s ar i l y r i gorou s s ta tistica l sign i f ica nce . 

An examinat i on of Table 1 r eveals t hat t he circui t compo nen ts de ­
upon I: and t he sys tem pa rame te rs in a sys tema tic way. For the 

If-cells, One sees tha t the capacitance C i ncrea s es and t he r es i st ­
ce R2N dec r e a s es as 1* inc reases f rom zero

ZN 
and an accumula tion l aye r 

velops a t t h e e lec t roae . As 1* is dec reased below ze ro the deple ­
l on of cha r ga at t he elect rode ~esul ts in a reduced value fo r C and

ZN 
, increas e in R N' With t he excep tion of the a = 10 sys tem , t he 
~ lue fou nd fo r ~lN r ema i ns near un ity , even under severe b i a s co ndi ­
t~ons . I n all cases R + R has very nea rly the val ue of t h e no r ­

l N ZN lized sys tem d i ff e r ent i al r es i s t an c e det e rmi ned f rom t he s teady 
l t a t e current-vol t a ge cu rve . I n addi tion , we have been ab le to ve r ­
· fy for the Chang -Jaffe cases t ha t fo r K ~ 0 the ne t capaci tance 
~tN + CZN i s r elated t o the a pplied stead~ po tential difference in t h e I:me way as is t he sys tem differen tial capacitance in the b locking
e"ectrode cas e . 5 

For Butl er-Volme r sys tems t he capaci tance ClN deviates f r om un ity 
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C'") C'") -cr -cr -s C'") -a -e -a -cr 
1 1 1 I 1 1 1 1a nd is ne a r l y i ndepende n t of 1* . Its val ue is g iven , t o good a pPr o 

cir 
sa~ 

' I 1 
o o o o o o o o oo 

rl rl rl rl rl rl rl rl rl rlmation , by the ser ies combinatfon of t he bulk geomet r ic capaCi tance~~ ...... 
C N = I , an d t he norma l i z ed compac t - layer cap a citanc e . The va l ue x >< :< :< :< x :< ><>< >< 

0' <r -cr U"I o U"I U"I rl rl
rl"' 

f8und f or C2N i s genera lly sma l ler t han in t he Chang-Jaffe case and rl U"I ca rl rl U"I 0' U"I rl N 

r e f l e c t s t he combi nation of dif fuse an d compac t - layer effec ts . The 
values fo und fo r R2N d i splay l es s dep end en ce on I: than i n the Chang. , ~ 

~ N-D 
~

~ ~ ~ 

C'") ~ ~ U"I <r 
o o N -D r ­ co ~ -D o o 
rl o o o o o r ­ I o o 

Jaffe case f or the same r ea s on . I 0' -D ~ 

x o o o o o o o o o
In sys tems wi t h t wo i de n t i ca l elect rodes it is fo und tha t deple.
 C'") U"I -sO o o o o o -s rl -sO o
 

U"I •rl • CO N • rl N • C'") :< -s~ r-, 0 
+1 0' +1 + 1 o + 1 U"I + 1 C'") + 1 -cr + 1 r- + 1 0' + 1 U"I + 1 

t i on ef fec ts domina t e the r es i s t anc e R2N, while a ccumula tion ef f ec t 0'0 C'")O NO NO rlO o O'-D -DOONu 
U"I N 
-D rl C'") rl C'") rl -D rl U"I rl U"I rl -D rl C'") rl N rl -s rldomi nat e t he capaci tance bo t h of which i nc rease as 11: 1 increa:~ 

. ~ . ~ . ~ rl ~ 
C2N, 

.~. ~<r ~I n general . t he r es u l t s of t h e l east s quares f i t a re no t qu i t e as sat i, o C'") U"I r- o co o U"I 

-D :< rl :< rl >< rl :< rl :< rl :< rl :< rl :< rl >< -D :<
facto ry f or biased sys tems with t wo i de n tical elec t rodes as it is fot 
ha l f - c e l l s . Probab l y this i nd ica tes an inad equacy o f the chosen 

~ ~ 
~ 

~ ~ ~ -D r-, ~ 
~ C'") 0' U"I o <r ~ I rl rl 

c uit to descr ib e bo t h accumu la t i on a nd dep l etion behav i o r in t he 0' ~ 

C'") C'") o o o 
1 o o o o 

sys tem . Clear ly some e labo rat i on of the bas ic c i r c u i t wou l d be de­ o N Nr- o 
o o rl o o

sirab le . The Fig . 2b c i rcu i t has, neve r t he l es s, b een fo und t o pr o­ o o o o o o o rl >< o o 
v i de an a de qua t e r e pre s en t a t i on 'o f system r es pons e i n a great many NO o o o o o -DO U"l0 NOU"I rlZ 

N >< co • N • co o . 0' • o • -D co • 
N 

rl O' U"l0 NO 0 U"l0 r- O rl C'") NO 00rl O -ep::cases an d may be of co nside rab le pract i cal us e i n t he t r eatment of 0' + 1 rl + 1 U"I +1 C'") + 1 C'") +1 C'") + 1 co + 1 rl + 1 r- + 1 rl + 1 
corl rl rl -D rl r- rl C'") rl N rl r- rl ' rl N rl rlrl 

. N ~ o~ . ~expe rimen tal data . . ~ ~ 0' ~ N ~ -s ~ rl ~ 

C'") o o C'") o 
U"I >< rl :< -s :< C'") :< N :< rl :< o :< rl :< C'") :< rl :< 

8 . Summary a nd Conclusions 
~ 

C'") 
N

We hav e r eported s teady -s t a t e an d sma l l -s igna l ac r espon se re­ o 
o 

s ults f or on e-mobil e sys tems wi t h on e o r two po lar izable e lec t r odes , oZ r ­rlob t ained by compu ter so l u tion of t he a pp rop ria te differential equa ­
 COO
U <r + 1 
U"I rl 
0' ~ 

tions . Most f eatur e s of t he sys tem r es pons e can be un de r stood i n
 
t e r ms of the accumula tion o r de plet ion of mobile ch a rge car r iers at
 

rl rl rl rl o :<
rl rl rl rl rlt h e e lec t rodes , as de t e rmin ed by t he r a t e l aw f o r t he elec t rode r e­
ac t ion a nd the eq u a tions gove r n i ng charge t ranspor t wi th i n t he el ec­

~t ro l y t e. An eq u ivalen t c i rcui t was found which provided a de qua t e ~~ ~-D ~ ~ ~ 

N C'")C'") r ­ 0' ~ ~ <r ~ col east-squar es f i t s t o the sys tem impedanc e and y iel ds parame t e r es ti~ o N C'") r ­ U"I C'") 0' rl -e rl 
o o oo o o o o o o ma t es co nsis ten t wi t h a qua l ita tive un ders t a nding o f t he physica l o o o o o o o o o o 

o o o o o o o o o oZproce s s e s i nvolved in sys tem r esponse . C'") • 0' • U"I • N 0' <r <r rl 0' •rl
rlO U"l0p:: CO O coO -sO 0'0 00 rl O coO -S O 

rl +1 U"I + 1 -s +1 -D + 1 U"I + 1 r- +1 C'") + 1 U"I +1 r- + 1 -s + 1 
-e rl -Drl C'") rl rl rl Orl -D rl rlrl -D rl rl rl COrl 

o ~ o~ O~ rl ~I n futu re work , t he two -mob i le case will be t r e at ed i n detail , rl ~ O~ O~ O ~ O~ O~ 

and the possible pr es ence of i nt r i ns ic space charge layers wi ll be rl :< rl >< rl :< rl :< rl :< rl :< rl :< rl :< rl :< rl :< 
i nc l ud ed in the b as ic mode l. Wit h s uch ge ne raliza t ion t he model 
s ho u ld be appl icable t o a s ignif ican t numb e r of real is t ic systems, ~ 

U"I ~

and more de tailed t heo r et i cal a na lyses of pa rt i cu l a r ex pe r i mental o U"I 
0' U"I ~ 

~ ~ 
~o o 

o o rl 
o o o rl U"I ~ o o 

o o 

sys tems ma y be in or de r . o o U"I ~ ~ 

o U"I o 
o o o I o o 
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Dr. D. R. Franceschetti: We believe that the var i a t i ons in R and C
2have a very simple physical interpretation, and have briefly Comment 

on this in the written text of our paper. In systems with one Ohmi~ 
and one partially polarizable electrode, C2 increases and R decreaa,

2 as the biasing current is increased. This clearly reflects the esta 
lishment of an accumulation space-charge region at the electrode, On, 
in which the excess charge carrier is the electroactive species; this 
also accounts for an increased rate of charge transfer, reducing R 
For such systems, a l so , the dependence of R2 and C2 on the biasing2' 
current is strongest for 6 = 0 and lessens as 6 increases, clearly i~ 
dicating a reduced role for the diffuse double-layer as the compact_ 
layer becomes more significant. Although the results for systems Wit 
two polarizable electrodes (both depletion and accumulation layers 
present) are somewhat more complex, the behavior of R2 is dominated 
the depletion region, as one would expect. We have noted that a 
slightly more complex circuit is probably appropriate for this case. 
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ABSTRACT 

I t i s explained how the r edox pote nt i als o f an exci ted 
molecu l e i n i ts func t ion as an e lectron donor or as an e lec ­
t ron accepto r can be ob tained . The di s t ribut ion of energy 
l evel s for t he excited molecules is de rived and t he co nd i ­
tions a r e discussed which are needed t o observe e lect ron 
tran s f e r from or t o an excited molecule at a n e lec trode. 

Example s are discus sed fo r metal , insulator and semicon ­
ductor e lectrodes. The measured quantum yields are co r relat ­
ed for a s erie s of dyes t o t he difference of t he energy t e r ms 
between donor and acceptor states and the resu l ts are com­
pared wi th t heoretica l expecta t ions . 

THE REDOX POTENTI AL OF AN ELECTRONI CALLY EXCITED MOLECULE . 

An exci t ed mole c ul e can exchange e lectrons with electron donors or 
acceptors l ike a molecule i n the electronic ground state . I t s redox 

operties can the r modynamica lly be characterized by two s tandard re -
ox potentials, one for reduc t i on a nd another f or oxidation . These re ­
'x potentials, howe ve r, canno t be measured di rec t l y in the usual way 
~ kinetic equilibrium of fo rward and r e ver s e r ea c t i on since, besides
 

e short l i f e t i me of the exci ted molecules which l i mi t s thei r con­

centration, t he e lectron transfer reactions of t he unexc i ted molecules 
f i l in the s t eady sta t e of i l luminations domina te e lectron t ransfer 
n the opposite direction . Gene ration of excited molecules by e lectron 
ansfer at an e l e c t r ode would be ne eded as t he r evers e p rocess i n or ­

~r to r each redo x equi l i brium wi t h an exci ted mo l e cule , but the paral ­
, '1 reac tion gene rating the unexci ted mo l e cule will predominate in a l l 
lrcumstances. 

_ The sta nda r d redox potent i a ls of exci ted molecu les can , ho wever , 
~proximate ly be de r i ved in the fo l lowing way (1-4) . We can compare 
~1: standard r edox potentials , so , i n the ground state and in t he e x­

ed state f or a mole c u l e D a c t i ng a s an e lect r on do nor : 

D'solv + e - ~ D- ' so l v, with 1 s 0 I - = - 6G0 
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