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1. Theoretical background

The power conversion efficiency (77) of DSSCs can be expressed as follows [1]:

n= FF VOCJSC (1)
IS

where Jsc is the short-circuit photocurrent density, Voc is the open-circuit

photovoltage, /s is the intensity of the incident light and FF is the fill factor of the cell.

Accordingly, improving Jsc and Voc is an effective method to enhancer . The Jsc can

be defined as follows [2]:

Jsc = LHEQ)® I(A)ds. 2)
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where LHE(/), the light harvesting efficiency at a specific wavelength, is determined
by LHE() = 1 — 107 and f is the oscillator strength of dyes corresponding to the
maximum absorption Am.. @iy is the electron injection efficiency, and closely

connected with ki, which can be described as follows:
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where Vpa is the coupling between the donor and acceptor states and y is the
reorganization energy. AGjy;, the driving force of electron injection from excited state

of dyes to TiO, surface, and can be determined by the following equation [3]:

*

AGinj = Edye _ECB (4)

where E.

e 18 the oxidation potential of dye in excited state, which is related to the

oxidation potential of dye in ground state (Eqy.) and the vertical transition energy (E\),

e, E; . = Ege— E, [3]. Ecg is the reduction potential of TiO, conduction band (CB)

*
dye

and experimental value —4.00 eV (vs vacuum) is used [4]. 5  is the charge



collection efficiency, which is assumed to be a constant for the same DSSCs.

As for Vo, it can be defined by [5]:
kT
E

VOC — ECB +?h’l( n, )_ redox (5)
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where 7, is the number of electrons in CB, while ¢ and kT are constants, representing
the unit charge and thermal energy, respectively. Ncg represents the accessible density
of CB states and E.4x 1s the oxidation potential of electrolyte. The dye absorbed on
TiO, surface can lead to AEcg and further the larger Ecg. Hence, a dye with large n,
and AEcg will induce a significant increase of Vpc.
2. Details about the average dye electrostatic potential (V)

The average dye electrostatic potential on the TiO, surface was evaluated by the

following [6]:
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where gj is the ji, of the nq dye point charge calculated by Merz-Kollman method [7,8]
to obtain the atomic charge distributions. And 7;; represents the distances between
these of charges and each of the titanium atoms in the superficial layer of TiO, cluster.
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 ¢(f) can be written as a linear combination of
atomic orbitals:
o(1) = 24iBij(D) ¢ (7
where ¢ ;; represents the orbitals j of the i-th atom. The expansion coefficients B;;(?),
introduced in Eq. (7), can now be computed according to the follow equation:
Bl = S0l Crowpl- 1 ) ®
The coefficient Cy in Eq. (8) is defined by the expansion of the initial state in an
orthonormal basis set of ¢ (k),
9(0) =2k C ¢ (k) 9)
The coefficient Qilfj in this equation is defined according to the expansion of ¢ (k) as a
linear combination of the atomic orbitals:
¢ (k) =208 (10)
The eigenvalue Ey in Eq. (8) can be obtained by solving the extend Hiickel theory (EH)
eigenvalue problem:
HQk = E,SQk (11)
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:
Hy = Kyt e (12)
Usually, the constant K is set to be 1.75, and the S§j, is defined according to the

overlap of the atomic orbitals:

Sim = <@jlpm> (13)



Therefore, the projection of the time-evolved electronic wave function onto the
atomic orbitals of the adsorbed dye molecular can be obtained as follows:

proL(t) = | ZHOL T B (0Bn()S) (14)
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. The heat map of dyes 2 and 3.
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Figure S2. Molecular orbital compositions of LUMOs for studied dyes.
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Figure S3 The plots of RDG versus electron density p (r) multiplied by the sign of

second Hessian eigenvalue 4, for dye 1 and I,.
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Figure S4. The plots of RDG versus electron density p (r) multiplied by the sign of

second Hessian eigenvalue 4, for dye 2 and I,.
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Figure S5. The plots of RDG versus electron density p (r) multiplied by the sign of

second Hessian eigenvalue 4, for dye 3 and I,.
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Figure S6. The optimized most stable dimer structures as well as the interaction

energies AE,, for studied dyes.



Figure S7. The plot of gradient isosurfaces with RDG = 0.5 a.u. for studied dyes

dimers.



Table S1. The experimental and theoretical absorption spectra data of XW11.

XW11 A (nm) f
Exp. 465 —
683 —
PBEO 455 1.00

705 1.64




Table S2. CB shift (AEcg, eV), transfer charge (ncr, €7) for dyes adsorbed onto TiO,

and average electrostatic potential (Vg., eV) of studied dyes.

dye AEcp ner VeL
1 —0.009 1.16 —0.28
2 —0.012 1.25 —0.30

3 —0.041 1.34 —0.34




