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In the proposed model, the electron transfer reaction (2) between the electrode and cyt. ¢ (which
is immobilized on the carboxylic acid terminated-alkanethiol SAM) follows a preceding
conﬁgurational rearrangement reaction (represented by reaction (1)), and is in turn followed by a
second configurational rearrangement reaction (represented by the reaction (3)). Reaction (1)
represents the configurational rearrangement reaction from the binding forni (binding complex,
which is energetically the most stable form) to the form which facilitates the most efficient ET
pathway (ET complex). Reaction (2) represents the ET reaction. Reaction (3) represents the

configurational rearrangement from the ET complex to the binding complex.

B kl .
Cyt. ¢ (ox)(I) Cyt. ¢ (ox)(II) (D)
k>
Cyt. ¢ (ox)(I) + € ====="Cyt. ¢ (red)(II) )
ke
. A k3 A
Cyt. ¢ (red)(ll) ===—="Cyt. c (red)(T) (3)

It is assumed that the surface binding energies ‘of Cyt ¢ (ox)(I) and Cyf. ¢ (ox)(IT) are equal to
those of Cyt. ¢ (red)(I) and Cyt. ¢ (red)(IL), respectively. This assumption is juétiﬁed on the basis
that the binding between the 1yeine residuesand:the; carboxylate group on the SAM is
electrostatic, which is a short range force, and that the effect of the oxidation states of Cyt. ¢
would be insignificant. Therefore, it is reasonable to-assume that the equilibria of reactions (1)

and (3) are symmetrical and that k, = ks and I‘czz‘;k}

At the equilibrium eondition

(Y1) = (k) and (TWT3) = (k) = (olk) @
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(/1) = (3/1) I )
where I represents the surface concentration and subscripts 1, 2, 3 and 4 represent Cyt. ¢ (ox)(I),
Cyt. ¢ (ox)(II), Cyt. ¢ (red)(I) and Cyt. ¢ (red)(D), réspectively.

At the formal potential of thé ET reaction (2)
E=E° |
L+L=0+0, L=hGad =L | (6).

The transfer coefficient of the ET reaction given by eq. (2) is ‘Very close to 0.5

ke= k, exp [(-F/2RT)E — E"’)] o N (72)
ky = ks exp [(FI2RTYE - E) (7b)
where k; is the standard ET reaction rate constant at the binding site betweeﬁ cyt. ¢ and the
carboxylate at the formal potential.

The ET rate constant at the terminal is giv‘éri b'y:the‘ Marcus expression |

ko= ko) exp (- fr) D - @®
where k-q) represent the ET rate constant at the binding site at the alkanethiol terminus with
alkyl chains having no methylene groups.: ’
The electrode potential is modulated by ac at the formal potential of the reaction (2) with the
amplitude of AE,.

E - E=1 = AE,, &

where j = (-1)"* and o is the angular frequency of modulation.

When (F/ZRbn << 1, equations (7a) and (7b) can be written as

ke= ks (1 - nF/2RT) : _ - (9a)
ko =k (1 + nF/2RT) SRR (9b).

The material balance caused by the potential modulation (angular velocity @ and potential 7 at

2
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- the formal potential) is given by the following ‘equations

dTy/ds = - kT + kT - o (10a)
dT/dt = - dTy/dt — (ks - koT's) s | (10b)
dTs /dt = kT - ks - kT + keTa = ks - kT - dTa/dt = ks - ks - dT'y/ds (10¢)
dTydt = kT’ - Kal's = T - boT'y = dT /e (10d).

The variation in the surface concentrations of 1, 2 and 3 are given by egs. (11-a, -b, -c) when the

electrode potential is modulated by ac with the amplitude of AE,. at E

[ =%+ 00 = T, % + 4, & - '" (11a)
Ty = 0% + 1,20 = % + 4, & R | ~ (11b)
T3 = 3% + T5(0) = [, + 45 & | - (11c)-

where superscript “dc” represents the dc component, “ac” represents the ac component, and 4,
A; and A3 are time independent terms. |
Substituting eqs. (11-a, -b, and —) into eqgs. (10-a, -b and —c) yields the following equations
dT%/dt = - kT + ko™ ‘ | (122)
dI,™/dr = - dTy**/ds - dT5*/de = k™ - kol)™ - kel + kT3 (12b)
dI3*/de = ki - ko3 + (k11 - kol'5™) |

= k(T2 - T5) - KOF/2RT) (T2 + 1) + (k1 - ko) (12¢).
Substitution of egs. (11-a, -b, -c) after differentiation into eqs. (12-a, -b, -c) yields egs. (13-a, -b
and -c). AtE=E" I'; =T since % » ™
ol = - kA + k A (13a)

J0A26" = kA1 - by A28 - kdrd®t + kg A3 + (K FAER@®/2RT) (T3 + [3) (13b)

JOAE® = kdre® - kA3 - (K FAEE2RT) (T3 + T3) + k1A, - by Ape™ (13¢c)
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j(DA]b =-kiA; + kA, : A= {kz/(k] +jC0)} A ' . (14a)
04z = - jods - 2 jod, | | | C(14b)

j(DA3 = kA> - kA5 - (kSFAEag/ZRD(FZ + 1) + k4, - szz

=k - ks - (K FAE,ARTYT; + T3) - jod, , : (140)
K={k/(a+jo)} o | | | )
C A4 =Kd4; S |  (16a)

Ay =-A3—-24,=-A43;-2KA4,

Az=-A§,/(1+2K) | B  , .' ; (16b)
A=-KA(1+2K) | |  aea).
Substituting qu. (16-a and -b) into eq. (14c) yields

- jods = kds - kA - (KFAE/2RTY(T, + T3) - jod,

= - kA/(1 +2K).- kol - (kFAE,/2RT)([ + T'3) + joo KA3/(1 + 2K) » a7
A34j© + k(1 + 2K) + ks - jo KA1+ 2K)} = - (FAE,o2RT)(T, + T'5) : (18)
Ay= (GFAEJ2RT) (T + T3) Sk iy by @) (19)

E(ksy K1, K3y @) = 1/{j + k/(1 + 2K) + &, - jo K/(1 + 2K)}
The ac current, i,, can be represented by eq. (20) because k', - kT3 » dI'1/ds, so that

AT /dt ~ kT - kT

fac = FdT3/dt = FAT3*/ds = ij315 ej“’t=-z’ac° gor I (20)
then o

in’ = jOA3F = jo ,(kSFZAEaCQRI)(fz +T3) E(k1s bz, Ky @) (21)
22 AEse = (Rt + 1j0C)" - ) | @)

By combining egs. (21) and (22)
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(Ret + 10 Cy) = AEac/-iaC° = QRTIFOIT, + r3)ﬁm E(k, bz ks, ©)} (23)
By ng(kl, ks ksy ©) = {jo + kJ/(1 + 2K) + ks ) jo K/(1 +2K)}/jo R 20
1/E(kyy Koy by ©) =joo + k(1 + 2K)4 + ks - jo K/(1 +2K) = jo + ks + (ks j‘m K) (1 +2K) |
| =[G + k)(1 +’2K) + (ks- jo K))/(1 + 2K) = [jo + ks + ijK + 2Kksz+ ks - jo
KJ/(1 +2K)
= Ué + 2k + K2k + j0)]/(1 + 2K)
= ok + ki + ko) + 2 Ky + ) - 023 + 2K + o) o L @5).
Then | - | |
U &k ko, ksy ) = {2k + ki + ko) + 2k i + ko) - 07}/ jo(hy + 2kz + jo)
| = {joQk +h + k) + 2k( ki + k) - o} {jolk + 2k) -0®}  (26).
Usﬁally, the rate constaﬁts-ks, k andvkz N
1/ jol(ky, kay ke ©) = {jo(2ks + Ky + k) + 2ks( oy +'_k2)}/jo$(kl +2ky) (26"
Substituting eq. (26') into eq. (23)
(Ret + 10 Cy) = 2RT/ {ksFA (T + T3) joE k1, kay ks )} o - 7). |
" AVtAE =E" T, = Fj since T » T T+ = 2i’2 .
Re+ Vi0C) = RT GokF T Ehy oy ky @)} o en
sﬁbstituting eq. (26") and ', = T'y2(1 + kp/ky) into eq. (27"

(Reu + 1j0Cy) = QRTIKFT){(ky + ka)hi} {(2ks + ey + ko)l (ky + 2k) + 2ksler + R jo( ey + 2k)}

| | (28).
From eq. (28), one can obtain R and C, |

Ra= QRTIELF) {(k + ka)(2ks + ko + oVl + 2k)) - S (29).

The apparent charge transfer rate constant kapp 1s defined by eq. (30)
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Ret= QRTILFY)(kapp) : (30)
Ky = k(s + 260}/ (s + o) 2k, + o + )} ‘ 31)
and the capacitive component is given by eq. (32)
UG, = QRTILF) 20k + o)/l + 2k)}] | (32).
For the ET reaction through short alkyl chains (i.e., when the ET rate is limited by the preceding
configurational rearrangement reaction), it is reasonable to assume that &, » k), k> and &1 » &y
keapp = kskr(ky + 2k)/ {(k + k) (2ks + Ky + ko) }

= hk(ki + 2k)/ {2k + ko) }= ki /2 (33).
For the ET reaction through long alkyl chains (i.e., whén the ET rate is limited by the ET
resistance through the alkyl chain), it is reasonable to assume that &y, k» » k
kapp = kskr(ky + 2ka) {(ky + ko) (2ks + by + ko)} = kley(ky + 2k)/ (ke + k)’

= k[ {1 + 2(ko/k)}/ {1 + (hafk)} ] | (34)

In kapp = In {1+ 2(ka/kr)} — 210 (1 + Ko/ky) + In kumoy - 13- (r — o) o . (35).




