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1. Theoretical background

The power conversion efficiency (1) of DSSCs can be expressed as [1]:

y = FPoesse (1)
Is

where [s is the intensity of the incident light and FF is the fill factor of the cell. The

Jsc can be defined as follows:

Jsc = [ LHE(A) @injecthcotiectd s(2)d (2)

where LHE(/), the light harvesting efficiency at a specific wavelength, is determined

by LHE(A) = 1 — 107 and f is the oscillator strength of dyes corresponding to the

maximum absorption Amax. #eollect 1S the charge collection efficiency, which is assumed

to be a constant for the same DSSCs. @iject 15 the electron injection efficiency, which

is closely connected with kiyj, and can be described as follows [2]:

e = 2n VDzA( T )1/2eXp[_£A_GinjiX)]
h xKsT 4yKsT

where Vpa is the coupling between the donor and acceptor states and y is the

reorganization energy. AGiyj can be determined by the following equation [3]:

*
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where E:yc is the oxidation potential of dye in the excited state, which is related to
the oxidation potential of the dye in the ground state (Eaye) and the vertical transition

*

energy (Ev), 1.e., Ey, = Esae — Ev [3]. Ec is the reduction potential of the TiO:
conduction band (CB) and the experimental value —4.00 eV (vs vacuum) is used [4]. x
can be obtained using the following formula:

(=[E; —E]+[E —Eo] 4

Where E, is the energy of the cation calculated based on the optimized structure of



the neutral molecule, E- represents the energy of the cation calculated based on the
optimized cation structure, E. corresponds to the energy of the neutral molecule
calculated at the cationic state and Eo, is the energy of the neutral molecule at the
ground state.

In order to evaluate the ICT abilities of dyes, the ICT parameters including the
amount of transferred charges (¢¢"), the corresponding effective charge transfer
distance (d“") and the ¢ index that assess the degree of separation between p* (r) and
p~ (r) based on the total densities for ground and excited states were calculated [5,6].
p" (r) and p~ (r) are defined as the points in space where the density increment and
depletion upon absorption are produced. The larger ¢ is, the little overlap between the
electron density depletion and increment regions exists. The difference of electronic
densities related to the electronic transition is given by:

Ap (r) = pEs (r) — pas () )
pes (r) and pgs (r) are proposed to represent the electronic densities of excited and
ground states, respectively. p* (r) and p~ (r) are defined as the points in space where
the density increment and depletion upon absorption are produced. And ¢¢T can be
proposed:

¢T=1Ip" (r) dr (6)
The barycenters (" and ) of density distributions defined by p* () and p~ (r) are
written as the following equations:

="yt 2 = 1gCT [ rpt (r) dr (7)

r=(,y,2z)=1/4 [ rp- (r) dr (8)



The difference between r* and r~ is defined as d°".

To elucidate the intrinsic reasons of different interaction energy (AEix) for the
dimers of dyes, simple energy decomposition analysis (EDA) was performed. AEi
can be decomposed as [7]:

AEiwoi = (AEcis + AEex) + AEo = AEsteric + AEory )
where AE.s is electrostatic interaction term, and normally negative if two fragments
are neutral; AEe is exchange repulsion term, which comes from the Pauli repulsion
effect and is invariably positive. For convenience, AEcs and AEcx terms are usually
combined as steric term (AFEswric). AEow 1s orbital interaction term, which arises from
the mix of occupied molecular orbital (MOs) and virtual MOs. If the combined
wavefunction is used as initial guess for complex, then Eqb can be evaluated by
subtracting the first SCF iteration energy from the last SCF iteration energy:

AEoty = ESCF, last — ESCF, 15t (10)
AEgeric = AEets + AEex = AEtot — AEory (11)

As for Voc, it can be defined by [8]:

VOC :@ +ﬂ 11'1( Nc )_ Eredox

12
q q Nce q (12)

where 7. is the number of electrons in CB, while ¢ and kT are constants, representing
the unit charge and thermal energy, respectively. Ncp represents the accessible density
of CB states. The dye absorbed on TiO: surface can lead to the energy shift of Ecs
(AEcB). Apparently, a dye with large n. and AEcg will induce a significant increase of

VOC .



2. The multicenter bond index
The multicenter bond index is a measure of aromaticity, and the higher the number,
the stronger the aromaticity. The multicenter bond index is defined as:
IABCDEF.K = [cHyc)yo) . ...10) (13)
where P is the single electron density matrix, S is the overlapping matrix, a, b, c... are
the number of the basis function, A, B, C... represent the number of atoms in the ring,
and the atoms are adjacent according to their connection in the ring.
3. Simulations of the electron injection

The time-dependent survival probabilities (TDSP) curves were defined as the
probability of the photo-excited electron which is still in the adsorbed dye molecule at
time ¢. Therefore, the TDSP can be computed by applying the time-evolved electronic
wave function into the atomic orbitals of the adsorbed dye molecule.

The time-evolved wave function ¢(7) can be written as a linear combination of
atomic orbitals:
o(t) = 2iiBij(1) @1 (14)
where ¢ i; represents the orbitals j of the i-th atom. The expansion coefficients Bij(¢),
introduced in Eq. (13), can now be computed according to the follow equation:
Bij(H) =Yk QlkJ Ckexp(—%Ekt) (15)
The coefficient Ci in Eq. (14) is defined by the expansion of the initial state in an

orthonormal basis set of ¢ (k),

9(0) = 2xCi g (k) (16)

The coefficient Qilfj in this equation is defined according to the expansion of ¢ (k) as



a linear combination of the atomic orbitals:

$ () =301 ¢ (17)
The eigenvalue Ex in Eq. (14) can be obtained by solving the extend Hiickel theory
(EH) eigenvalue problem:

HQ* = EiSQk (18)
where H is the EH matrix and S is the overlap matrix in the atomic orbital basis. The
non-diagonal Hamiltonian matrix is here determined by the Wolfsberg-Helmholtz
constant K and the overlapping matrix element:

Him = KSjn 0 e (19)
Usually, the constant K is set to be 1.75, and the S;» is defined according to the
overlap of the atomic orbitals:

Sim = <@jlm> (20)
Therefore, the projection of the time-evolved electronic wave function onto the
atomic orbitals of the adsorbed dye molecular can be obtained as follows:

prow(t) = | 2% S B, (0Bal1)S (21)
Note that the sum over m includes all of the atoms in the research object, whereas the

sum over j only includes the atoms in the adsorbed dye molecular.
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Figure S1. Initial structure of the (TiO2)4s cluster in side and top view.
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Figure S2. Frontier molecular orbital distributions of studied dyes.
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Figure S3. Electrostatic potential maps for dimers of studied dyes.




Figure S4. Optimized geometrical structures of dyes adsorbed on TiO».



Table S1. The calculated excitation energies E, (eV), maximum absorption

wavelengths Amax (nm), oscillator strengths f/ and major electronic compositions of

studied dyes.
dye Ev  Amax f Major electronic compositions
1 1.99 623 0.99 H—L(84%)
2.86 434 040 H-1-L(71%)
2 1.76 703 0.55 H—L(88%)
239 519 1.34 H-1-L(85%)
3 1.66 746 0.54 H—L(91%)
248 501 147 H-1-L(81%)
4 1.58 786 0.51 H—L(91%)
244 508 1.26 H-1-L(79%)




