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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." The system was divided into donor, bridge, and acceptor (D-B-A). We adopted
LMOs, {¢,}, for one-electron orbitals, and they are orthonormal each other, (¢p,|ds) = 6.5. Slater
determinant, ®, = [, - Py, 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, @, 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, W; = Y34 Cllodbp and
Wg = Y pap Cp Py, respectively.  We put a limitation in the linear expansion, C, = C§ =0 (p € A,q €
D); 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 (CDp|CDq) = Spq. We also introduce notation for Hamiltonian matrix element as

(@p|H|Pg) = Hpq.
We do not consider nuclear motions here and instead employ the Born-Oppenheimer and Condon
approximations following Marcus theory.” Under these approximations, EET occurs when the initial

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

1s written as
PPN A A
(H+V) (‘PF> =E (‘PF> : (A1)
where V denotes the interaction between the initial and final state, and H denotes the non-interacting

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

final state is
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(W1|V|Wg) = (P|E — H|WE). (A2)
The secular equations for determining {Cé} are {Cg } are
(LpllpI - Elq)p) = CIIJOHDop + XqpA,q%D, Cé(qu - E‘qu) =0, (A3)
(q)pm - EllpF> = HpAocgo + Zq%D.qﬂo(Hpq - ESpq)Cg =0, (A4)
where we use intermediate normalization, C]IJO = CEO =1. Dy and Ay are the most dominant

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

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

Ctll = _CIIDO Ypsap=D, HpopGpg (AS)
Ccli = _CEO ZpaD,p;tAo quHpAoa (A6)

where Gpq = (1/H — EI)pq. These equations show that interactions between the dominant and other
determinants are included. W} and Wg are then normalized as:

Ch=Ch/yP, P=Xcil’,

CE=CE/ /P, Pr=Xg|CE[” (A7)
These normalization factors involve a self-energy correction for the Dy and A, configurations from a

higher order of configuration interaction that is neglected in the above secular equations.'”

Finally, the electronic coupling can be written as®
Tip(E) = (¥|E — H|¥g) = pq Cp (EI — H)pq Cg
=Y, C} Hga,Ch, = Xq Ch, Hp,qCl- (AB)
This equation includes the super-exchange effect from bridge configurations with second-order
perturbations of the Hp, and Hya 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.” 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

_ [ cos(wt) ¥ )

¥= (—i sin(wt) Wg/° (BI)
Using ¥} = ¥, C,®, and Wg = X, Cid,,, it is divided with components of p as
cos(wt)Cp P,
Y= — =), ¥, B2
P (—i sin(wt) CyP,, 2p%p (B2)
The time evolution of the population matrix element is given by
9Ppq _ O(Wp|¥q) _ O(¥p| 0|¥q)
ot ot at |qu) + (1pp| at
1 = * 1 -~ 2 —~

= _E(q’letSlq’q> + E<qu|HtS|qu) = Elm<tpp|HtS|qu>’ (B3)

and
(W, |HS|W,) = CLCL{P,|HS|dy) cos(wt)? + CETEH(D, |HS|Dy) sin(wt)?
—1(ChCE(D, |HS|Dg) — CECL(P,|H™|Dy)) sin(wt) cos(wt),  (B4)

where H® = El — 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

0Ppq _

24 — = (CLCE — CECH) (H — EDyq sin(2wt) = Jq (1) = JpqsinQt).  (BS)
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The diagonal term ], is zero, allowing us to write the amplitude factor as

(CHCE — CEC)Hyg, (B6)

St =

]pq

Jpq 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 Ry.
(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 R™", 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, T, with the site-site distances r and (Ro-r) is given by
T, =Cr"(Ro —1)7", (CL)

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

610gT2 _ ( RO )
dlogRy n Ro-1/° (€2)

When the right-hand side of (C2) is smaller than —n, the T, term decays faster than R™. In the long
distance limit (R, > r), the T, term polynomially decays with distance Ryp. We conclude here that the
two-step term decays faster than the single-stem when the site-site interaction is proportional to R™.

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, Ry. Using site-site distance r;, the donor-acceptor distance is written as
Ry = (N+1)-rs. Inourassumption, site-site interaction decays with rg™ (n equals 3 for the case of
a dipole-dipole interaction). N-step interaction is

ny N+1
) (C3)

Tn+1 = C'yNHE = C’( w
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where one-step decay factor y = f/r8 = B(N+ 1)"/R}. P is a factor of the site-site interaction
divided by the tunneling barrier. C’ is the tunneling barrier. Differentiating the Ty with respect to
N, we get

aT
= = Tns1(logy + n). (C4)
Eq. (C4) is smaller than zero and Tx+; decays with N for weak-coupled bridging sites, y < e™™. Fora

limit of constant y (n=0), Tx decays exponentially with N.
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