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A. Electronic coupling with super-exchange mechanism 

Here, we derive the formula for the electronic coupling calculation with Green’s function technique 

using Slater determinants.  The following equations are mostly similar to their one-electron 

counterparts; the present formula employs Slater determinants instead of one-electron orbitals in the 

previous formula.1  The system was divided into donor, bridge, and acceptor (D-B-A).  We adopted 

LMOs, ሼԄ୰ሽ, for one-electron orbitals, and they are orthonormal each other, ۦԄ୰|Ԅୱۧ ൌ δ୰ୱ.  Slater 

determinant, Φ୮ ൌ |ԄଵԄଶ ڮ ԄN|, is constructed using the LMOs.  If the index p is D and A, an 

exciton (or electron for the ET case) is localized at donor (D) and acceptor (A), respectively.  In the 

other cases, Φ୮ represents an exciton in the bridge or CT excitations.  The initial- and final-state 

wave functions were described as a linear combination of the determinants, ΨI ൌ ∑ C୮
I Φ୮୮הA  and 

ΨF ൌ ∑ C୮
FΦ୮୮הD , respectively.  We put a limitation in the linear expansion, C୮

I ൌ C୯
F ൌ 0 ሺp א A, q א

Dሻ; the initial- and final-state wave functions do not involve the acceptor and donor determinants, 

respectively.  Because of the orthonormality in the one-electron orbitals, the determinants are also 

orthonormal ൻΦ୮หΦ୯ൿ ൌ δ୮୯ .  We also introduce notation for Hamiltonian matrix element as 

ൻΦ୮หHหΦ୯ൿ ൌ H୮୯.  

We do not consider nuclear motions here and instead employ the Born-Oppenheimer and Condon 

approximations following Marcus theory.2  Under these approximations, EET occurs when the initial 

and final electronic states have the same energy E.  In this situation, a two-state Schrödinger equation 

is written as 

  ൫H෡ ൅ V෡൯ ൬ΨI
ΨF

൰ ൌ E ൬ΨI
ΨF

൰ ,   (A1) 

where V෡ denotes the interaction between the initial and final state, and H෡ denotes the non-interacting 

part of the Hamiltonian.  From the Schrödinger equation (A1), the interaction between the initial and 

final state is 
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  ൻΨIหV෡หΨFൿ ൌ ൻΨIหE െ H෡หΨFൿ.   (A2) 

The secular equations for determining {C୯
I } are {C୯

F} are 

  ൻΨIหH෡ െ EหΦ୮ൿ ൌ CDబ
I HDబ୮ ൅ ∑ C୯

I ൫H୯୮ െ Eδ୯୮൯ ൌ 0୯הA,୯ஷDబ ,  (A3) 

  ൻΦ୮หH෡ െ EหΨFൿ ൌ H୮AబCAబ
F ൅ ∑ ൫H୮୯ െ Eδ୮୯൯C୯

F ൌ 0୯הD,୯ஷAబ ,  (A4) 

where we use intermediate normalization, CDబ
I ൌ CAబ

F ൌ 1 .  D0 and A0 are the most dominant 

determinant in the donor and acceptor states.  After solving the linear equations A3 and A4, 

coefficients for the CI-level wave functions of the initial and final states can be written as 

  C୯
I ൌ െCDబ

I ∑ HDబ୮G୮୯୮הA,୮ஷDబ ,    (A5) 

  C୯
F ൌ െCAబ

F ∑ G୯୮H୮Aబ୮הD,୮ஷAబ ,    (A6) 

where G୮୯ ൌ ሺ1 H െ EI⁄ ሻ୮୯.  These equations show that interactions between the dominant and other 

determinants are included.  ΨI and ΨF are then normalized as: 

 Cത୮
I ؠ C୮

I ඥPIൗ ,     PI ؠ ∑ หC୯
I หଶ

୯ , 

 Cത୮
F ؠ C୮

F ඥPFൗ ,     PF ؠ ∑ หC୯
Fหଶ

୯ .    (A7) 

These normalization factors involve a self-energy correction for the D0 and A0 configurations from a 

higher order of configuration interaction that is neglected in the above secular equations.1,3  

Finally, the electronic coupling can be written as4 

   TIFሺEሻ ൌ ൻΨIหE െ H෡หΨFൿ ൌ ∑ Cത୮
I

୮୯ ሺEI െ Hሻ୮୯Cത୯
F  

   ൌ ∑ Cത୮
I

୮ H୯AబCതAబ
F ൌ ∑ CതDబ

I
୯ HDబ୯Cത୯

F.   (A8) 

This equation includes the super-exchange effect from bridge configurations with second-order 

perturbations of the HD୮ and H୯A interactions as well as a direct interaction between the donor and 

acceptor configurations. 
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B. Configuration density tunneling flux analysis for excitation energy transfer 

Here, we retain the tunneling current analysis.5  Because we study the flux of the configuration 

density instead of the electron flux, we refer to this object as the tunneling flux rather than the current. 

The time-dependent two-state wave function is written as 

  Ψ ൌ ൬ cosሺωtሻ ΨI
െi sinሺωtሻ ΨF

൰.     (B1) 

Using ΨI ൌ ∑ Cത୮
I Φ୮୮  and ΨF ൌ ∑ Cത୮

FΦ୮୮ , it is divided with components of p as 

  Ψ ൌ ∑ ቆ
cosሺωtሻCത୮

I Φ୮

െi sinሺωtሻ Cത୮
FΦ୮

ቇ୮ ؠ ∑ Ψ୮୮ .   (B2) 

The time evolution of the population matrix element is given by 

  பP౦౧

ப୲
ൌ பൻஏ౦หஏ౧ൿ

ப୲
ൌ பۃஏ౦|

ப୲
หΨ୯ۄ ൅ Ψ୮หۃ ப|ஏ౧ۄ

ப୲
 

ൌ െ ଵ
୧԰

ൻΨ୮หH෡୲ୱหΨ୯ൿכ ൅ ଵ
୧԰

ൻΨ୮หH෡ ୲ୱหΨ୯ൿ ൌ ଶ
୧԰

ImൻΨ୮หH෡ ୲ୱหΨ୯ൿ,  (B3) 

and  

 ൻΨ୮หH෡ ୲ୱหΨ୯ൿ ൌ Cത୮
I Cത୯

I ൻΦ୮หH෡ ୲ୱหΦ୯ൿ cosሺωtሻଶ ൅ Cത୮
FCത୯

FൻΦ୮หH෡ ୲ୱหΦ୯ൿ sinሺωtሻଶ 

െi൫Cത୮
I Cത୯

FൻΦ୮หH෡ ୲ୱหΦ୯ൿ െ Cത୮
FCത୯

I ൻΦ୮หH෡ ୲ୱหΦ୯ൿ൯ sinሺωtሻ cosሺωtሻ, (B4) 

where H෡ ୲ୱ ൌ EIመ െ H෡ is the two-state Hamiltonian, E is the tunneling energy, and H෡ is the single-state 

electronic Hamiltonian.  Substituting (B4) into (B3), the tunneling flux (defined as components of the 

time evolution of the population) becomes 

  பP౦౧

ப୲
ൌ ଵ

԰
൫Cത୮

I Cത୯
F െ Cത୮

FCത୯
I ൯ሺ۶ െ E۷ሻ୮୯ sinሺ2ωtሻ ؠ J୮୯ሺtሻ ؠ J୮୯ sinሺ2ωtሻ.   (B5) 
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The diagonal term J୮୮ is zero, allowing us to write the amplitude factor as 

 J୮୯ ൌ ଵ
԰

൫Cത୮
I Cത୯

F െ Cത୮
FCത୯

I ൯H୮୯.    (B6) 

J୮୯ indicates the contribution of the tunneling pathway between two configurations to the electronic 

coupling at energy E. 
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C. Distance dependence of bridge-mediated indirect electronic coupling 

 Here we consider a one-dimensional donor-bridge-acceptor system with N bridge sites.  The 

distance between the donor and acceptor is defined as R0. 

(1) We compare the distance dependence between the single-step (direct) term and the two-step term.  

Here we assume a site-site interaction is proportional to Rି୬, where R and n are the distance between 

the sites and a positive real value, respectively.  Because of the one-dimensional bridge, a two-step 

term in the electronic coupling, T2 with the site-site distances r and (R0-r) is given by 

  Tଶ ൌ C rି୬ሺR଴ െ rሻି୬,     (C1) 

where C is a constant. The slope of T2 on a log-log scale is given by 

  ப ୪୭୥ Tమ
ப ୪୭୥ Rబ

ൌ െn ቀ Rబ
Rబି୰

ቁ.     (C2) 

When the right-hand side of (C2) is smaller than –n, the T2 term decays faster than Rି୬.  In the long 

distance limit (R଴ ب r), the T2 term polynomially decays with distance R0.  We conclude here that the 

two-step term decays faster than the single-stem when the site-site interaction is proportional to R-n.  

This discussion can also apply to the comparison between the n-step term and the (n+1)-term. 

 
(2) Next, we discuss the dependence on the number of site when the distance between the donor and 

acceptor is kept constant, R0.  Using site-site distance rs, the donor-acceptor distance is written as 

 R଴ ൌ ሺN ൅ 1ሻ · rୱ.  In our assumption, site-site interaction decays with rୱ
ି୬ (n equals 3 for the case of 

a dipole-dipole interaction).  N-step interaction is 

TNାଵ ൌ CᇱγNାଵ ൌ Cᇱ ቀஒሺNାଵሻ౤

Rబ
౤ ቁ

Nାଵ
,   (C3) 
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where one-step decay factor γ ൌ β rୱ
୬⁄ ൌ βሺN ൅ 1ሻ୬ R଴

୬⁄ .  β is a factor of the site-site interaction 

divided by the tunneling barrier.  Cᇱ is the tunneling barrier.  Differentiating the TN+1 with respect to 

N, we get 

பTNశభ
பN

ൌ TNାଵሺlog γ ൅ nሻ.     (C4) 

Eq. (C4) is smaller than zero and TN+1 decays with N for weak-coupled bridging sites, γ ൏ eି୬.  For a 

limit of constant γ (n=0), TN decays exponentially with N. 
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