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Models: studied TQ-PC,;BM complexes

The lengths of the TQ oligomers were increased symmetrically by adding either thiophene (T) or
quinoxaline (Q) units to the chain ends (Figure S1). In the first series, referred to as the T-series
hereafter, the T unit was in the middle of the sequences T, QTQ (T2Q), TQTQT (3T2Q), and
QTQTQTQ (3T4Q), whereas in the second series, referred to as the Q-series hereafter, the Q unit was
in the middle unit of the sequences Q, TQT (Q2T), QTQTQ (3Q2T), and TQTQTQT (3Q4T).
Hereafter, the TQ oligomers will be referred to with the abbreviations given in parentheses. In the
TQ-PC7,BM complexes (Figure S1 and Figure 2 in the main article), TQ was oriented along the x-
axis in the xy-plane and PC;;BM was placed above TQ along the z-axis. In the T-series, PC;;BM was
placed on top of the middle thiophene (the D unit) of each oligomer by superposing the centroid of
the bottom benzene ring of PC7;;BM with the centroid of thiophene (Figure 2a in the main article).
Similarly, in the Q-series, PC;;BM was placed above the middle quinoxaline (the A unit) by
superposing the centroid of the benzene ring of PC;;BM with the centroid of the benzene ring in
quinoxaline.

T-series

Figure S1 Studied TQ-PC7;BM complexes with PC;;BM either above thiophene (T-series) or
quinoxaline (Q-series) of TQ.
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Methods: additional details

The tuning of the range-separation parameter. The tuning of the range-separation parameter (®)
of the Baer—Neuhauser—Livshits (BNL)!? (originally 0.5 bohr!) LRC functional for the studied TQ-
PC;;BM complexes was carried out with the modified version of the ionization energy (IE) tuning
procedure’~¢ in the same manner as in our previous study’:

J(@) = |eygmoN) + Efg(N - 1) - Efy(N)|

+ |enciuoM + 1) + Epg (M) = Epe (M + 1)| &)

where egomo(N) and egomo(M+1) are the HOMO energies for the neutral TQ and the anion of
PC7BM, respectively, Erq®(N) and Epc71m®(M) are the total energies of the neutral TQ and PC;;BM,
respectively, and Epq®(N—1) and Epc7ipm®(M+1) are the total energies of the cation of TQ and the
anion of PC7BM, respectively. We also checked the optimally tuned (OT) o for the isolated TQ and
PC7;BM molecules with the gap tuning procedure®®. In the tuning of o, all the calculations were
carried out as the SP calculations at the B3LYP/6-31G** -optimized neutral GS geometries of TQ
and PC;;BM to keep the geometries consistent in the electronic coupling and CT rate calculations.
The optimal OT o for the isolated TQ oligomers, PC7;BM, and the selected TQ—PC;;BM complexes
(3T4Q-PC+BM and 3Q4T-PC;;BM) are given in Table S1.

Assignment of the states. Among the calculated adiabatic and diabatic states of the TQ-PC;;BM
complexes, we have considered the GS [eD—eA], the LE state of TQ [eD*—eA], and the lowest CT
state [CT;, eD"—eA-], as they are the relevant states for the ED and CR processes (Figure 1 in the
main article). In the 2- and 3-state GMH and FCD schemes, the adiabatic LE and CT) states were
manually identified and selected on the basis of their electric dipole moments relative to the GS (Ap;;
in the adiabatic dipole moment matrices, Ap®9, see eq. S2), charge differences (Aqs;, in the adiabatic
charge difference matrices, Aq®9, see eq. S2), respectively. Moreover, we used NTOs to illustrate and
verify the charge density distributions of these states. The dominant hole-electron NTO pair was
mostly considered, especially with the global hybrid functionals, which in this study generally yielded
the predominant NTO pair with a fraction (Anto) larger than 0.9 for the electron transition in question
(see Figure 3 in the main article and Figure S5 below). In the 47 -state schemes, higher-energy CT
states (CT,, CTjs, etc.) were manually selected and included in the Ap®d and Aq?? matrices in addition
to the GS, CT1, and LE states. In the 11-state schemes, the GS and 10 lowest singlet excited states
were used to form the diabatic states, which were then identified automatically by using the
classification as proposed by Yang and Hsu!?. In the GMH, typical local states (GS, LE, and local
excitations within PC7;BM, i.e. LF) have small dipole moments'?, whereas the dipole moments of the
CT states should approach the ideal dipole moment defined as Apif? = eRep ca!!, where Rep_ca is the
effective separation of the eD and eA sites. When R¢p .4 is approximated as the distance between the
mass centers of TQ and PC;BM!2 (8.55 A for T-series and 8.59 A for Q-series), Ap;fd of 41.1 D for
T-series and 41.3 D for Q-series are obtained. Yang et al have used'? half of Ap;f® as the threshold
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when assigning the states as the local or CT states according to their eigenvalue in the diagonalized
Ap matrix (obtained from eq. S2). However, we have used the threshold of 10.0 D for assigning the
states, because in our case (the half of Apf® is 20.6 and 20.7 for T- and Q-series, respectively) there
would have not been any CT states in some cases (the 2—4 -state GMH schemes with the LRC
functionals). In FCD, Aq;; of a CT state should be close to 2 or -2, whereas Aq;; of a local state is close
to zero. Like suggested by Yang et al'® , we have used *1 as the threshold for Aq to assign the local
and CT subspaces in the diagonalized Aq matrix (obtained from eq. S2).

Electronic coupling. Using the GMH'!:13 and FCD!“ schemes as implemented in Q-Chem 4.2,'5 we
calculated the adiabatic electronic (p;*?) and transition dipole moments (p;*?) (in GMH) and the
charge differences (Aq;* and Ag;*?, in FCD) for the GS and ten lowest singlet excited states. Although
the Q-Chem software yields the Hj; values directly during these calculations, only the ones obtained
with the 2-state FCD scheme were used as such. The projections of the dipole moments calculated
with the GMH scheme in Q-Chem were further used to calculate the GMH couplings (see below). In
the GMH, which is a generalization from the Mulliken—Hush (MH) expression!6-2°, the diabatic states
localized at different sites (e.g. LE and CT states) are assumed to have a zero transition dipole moment
(nie = 0) between them. Moreover, the diabatic states localized at the same sites have Hjs of zero
between them.!!>!3 The same assumption regarding H;¢is made in FCD, i.e. that the transition densities
(Aqir) between the diabatic states localized at different sites are zero. We followed the approach
proposed by Yang and Hsu'?, which is based on the similar 3-state approaches?!-?2, for assigning the
local and CT states (see ‘Assignment of the states’ above) and calculating the H;¢ values with the
multi-state (i.e. the number of states, N > 3) GMH and FCD schemes. The first step is to diagonalize
the adiabatic dipole moment matrix (p29) (or similarly the adiabatic charge difference matrix, Aq?q,
in FCD) with a unitary transformation matrix Uy, which is composed of the eigenvectors of pd (or
similarly to Aq?9):

P11 Hi2 Ha3 w00
Ty, =u,” Ho1 Moz Moz |y |0 By O

Hai M3y Mgz | 0|00
S P (S2)

Here, the diagonal elements, i.e. p;*? are relative to the GS dipole moment. Applying the same
transformation to the corresponding adiabatic Hamiltonian, i.e. the diagonal matrix E of the adiabatic
energy, yields the Hamiltonian (H):

e 7|0 E, 0 .| _|H H
UlEUl — Ul 2 U1 — Hml Hmm Hmn

0 0 K,

nl nm nn

(S3)

In the limiting case of the 2-state schemes, the diabatic dipole moment matrix (pdi2®) (or similarly the
diabatic charge difference matrix, Aq%2?) and diabatic Hamiltonian (H%2) can be obtained already
from eq. S2 and S3 (or from eq. S6 and S11). However, when more states are considered, i.e. in the
multi-state schemes, there may exist several states localized on the same site, i.e. with the same nature,
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and therefore H should be re-diagonalized within the blocks of the same-site states. The states
obtained in this manner are adiabatic within one block, but diabatic with respect to the states localized
at different sites.!® Thus, the next step is to classify the states as the local states (LS, which includes
GS, LE or LF states) or CT states according to their eigenvalues (see ‘Assignment of the states’
above) in diagonalized p (or Aq) matrix (obtained from eq. S2). After this, H (obtained from eq. S3)
is re-diagonalized within each block (i.e. LS and CT) to define the Hdiab:

UT( Hyg HLS,CT)U _( Eis Higer
?\Herps Her )72 \Hepys  Ecr

(54)

where each bold letter refer to a matrix in the LS and CT subspaces defined by the subscript, E is a
diagonal matrix, and the final coupling values (Hjs) are the corresponding matrix elements in Hiser.
Finally, pdib (or similarly Aq%aP) can be obtained by applying the same transformation U, to the
diagonalized p (or similarly to Aq) obtained from eq. S2:

0 0 ..
%l 0 diab 0
u.T Uy, =y, = HUis ‘
2 0 0 Iy 2 0 'uCszab

(S5)

In the limiting 2-state GMH scheme!!-!3, the coupling between two charge-localized states, i.e.
diabatic states [i> and [f> is defined as

_ HyAE _ HyAE

Hy=— =
diab 2 2
Bpye™ '\/(A”12) + 4py, (S6)

where diabatic Hjs and the difference of the diabatic state dipole moments (Ap;912P) are expressed in

adiabatic terms; p;, being the adiabatic transition dipole moment, AE;, (= E,—E;) being the vertical
excitation energy difference, and Ap;, (= p—p,) being the difference between the electronic dipole
moments of the adiabatic states [1> and |2>. In this study, the total values of p;; employed in the 2-
and multi-state GMH schemes are defined as

Hij = \/(F‘x,ij)z ()" + ()" (S7)

whereas Ap;; are defined as

A”ij = \/(“x,i - Hx,j)z + (,uy,i - ”y'j)Z + (:uz,i - HZJ_)Z (88)

In the GMH scheme, the dipole moment vectors are typically projected either on the direction defined
by A, (or the average of such differences in the multi-state case)!!-132223 or the CT vector!?, which
is defined as the vector between the centers of mass of two molecules. Here, we have employed the
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latter, i.e. the projections of the p;; and p;; along the CT vector defined as the vector connecting the
mass centers of TQ and PC;;BM, i.e. eR;p_ea. The projected transition dipole moment vectors are

('uij "Rep_ea)
= hepen

projg 2
|Rep-ea | (S9)

eD-eA #U

The projections of the electronic dipole moments, p;;, are defined similarly.

The FCD scheme is similar to GMH, but instead of a dipole moment, a charge difference operator
(Aq) is employed. The system is partitioned into two fragments corresponding to eD and eA, which
are in our case TQ and PC7BM, respectively. An adiabatic eD—eA charge difference matrix, Aq*?, is
defined by its elements

Aqij“d= f py(r) dr - f py(r) dr
r€eD r€eA (SIO)

where p;; (r) is the one-particle density (if i = j) for the diagonal elements Ag;*® and Aq;*¢ defined as
the eD—eA charge differences in the adiabatic states |[i> and |j>, respectively, or the transition density
for the off-diagonal terms Aq;* (if i # j). For the 2-state FCD'4, the coupling values are calculated
with the following formulation:

|Aq,,|AE

if =
J(Aql - Aq,)* + 4Aq,,° (S11)

In the FCD scheme, Q-Chem uses the Mulliken population analysis for determining the atomic
charges of the atoms. The Mulliken population analysis is known to suffer from several problems,
especially the equally divided off-diagonal elements of the population matrix to two atoms regardless
of their electronegativities. However, as the total charges on two fragments are calculated in FCD,
this problem can be expected to have only a minor effect here.?*

Reorganization energy. The reorganization energy is divided into the inner (A;) and outer (A)
contributions,

l=li+ls (812)

The inner part of the reorganization energy originates from the changes in the eD and eA equilibrium
geometries upon CT and it is determined as the difference between the energy of the reactants (or
products) in the geometry of the products (or reactants) and that of their equilibrium geometry. These
two ways results in the same value of A; only if the parabolas of the reactants and products have the
same curvature, and as this is usually not the case, A; is estimated as the average of the reorganization
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energies in the reactant and product states.?® Thus, to calculate A; for ED, we have used the following
equations 25-26:
Aiep = (Aivep + Aigpp)/2 (S13)

Riron = [E (eD*) + E%(eA )] - [E (eD") + E4(eA)] (S14)

Az gp = [EED ’ (eD*) +E4 (eA)] - [EeD ’ (eDT) +EA (eA” )] (S15)

where eD* and eD" refer to the lowest singlet excited (S;) and cationic states of the isolated TQ,
respectively, and eA and eA- refer to the neutral and anionic states of the isolated PC; BM,
respectively. The terms before the parentheses refer to the energies for the systems specified in the
superscripts and the terms in the parentheses refer to the optimized geometries at which the SP
energies are calculated. Similarly, we have calculated A; for CR with the following equations?®’:

Aicr = (Aircr t iz cr)2 (S16)

Aiacr=[E" (D) + B (eA)] - [EP” (eD*) + B4 (eA")] (S17)

Aigcr=[EP(eD ) + E“(eA™)] - [E°P(eD) + E*(eA)] (S18)

where eD refer to the GS energy of the neutral isolated TQ. The outer part of the reorganization
energy originates from the changes in the electronic and nuclear polarizations and relaxation of the
surrounding medium upon CT.?* It can be estimated by using the classical dielectric continuum model
developed by Marcus?® with an assumption that the CT occurs in an isotropic dielectric environment.
However, as the accurate prediction of A is still rather difficult and it is highly affected by uncertainty
of the calculated parameters®®, we chose to keep it as an adjusted parameter like in the previous
studies?%3! and calculated the rate constants with A, of 0.1-0.75 eV.

Gibbs free energy difference. The Gibbs free energy difference (AG®) is the energy difference of
the complexes in their final and initial states?. Here we have used the Weller’s equation for
calculating AG® from the energies of TQ and PC;;BM, while taking the Coulombic attraction (AE. )
between their charged states into account?>2%, For ED, AG® was calculated as

o _ et A~ D* A
AGp,=E®®" +E —EP —EA+AE 0 (S19)

where EP* and E°P* are the total energies of the isolated TQ oligomer in the optimized geometries of
the cation and of the S; state, respectively, E¢A- and E®* are the total energies of the isolated PC7{M
in the optimized geometries of the anion and the GS, respectively. The Coulomb energy is defined as
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* qu

CEDY S ZZ
coulED = 4-7T€0£ L dmeger

eD eA eD ed (820)

where q and r are the atomic charges and the distance between them, respectively, the subscript
defining the compound and its relevant state, €, and &, are the vacuum permittivity and the relative
permittivity of the medium (static dielectric constant), respectively. The partial atomic charges, i.e. q
terms in eq. S20 were calculated using the Merz—Singh—Kollman (MK) scheme.??*3 The sums run
over all atoms in each compound. Similarly, AG®° for CR was calculated as

° _ reD A pt A~
AGop=E® + EA~EP" —E** +AE_ (S21)

where the Coulomb energy is

+4q,,

ququ q
ABcourcr = 22471 Z 247150

gogsreDeA gr + eA”

(S22)
Results: additional details

Excited state characteristics of the isolated TQ and PC;BM models and TQ-PC;;BM
complexes

To select TQ—PC7;BM complexes with a representative length of TQ for the electronic coupling and
CT rate calculations, we examined the effect of the length of TQ on the excited state properties of
both the isolated TQ models and the TQ—PC;;BM complexes (Figure S1). Moreover, we compared
the couplings of the selected complexes. The main findings related to similarities and differences in
the excited state properties of the isolated compounds and complexes of the T- and Q-series are
reported in the main article. Here, we compare the results obtained with two excited state methods
TDDFT and TDA3* and two functionals, the global hybrid functional B3LYP333¢ and the LRC
functional CAM-B3LYP?’. For the isolated TQ and PC;;BM models (Table S2), TDDFT yields ca.
0.1-0.6 eV lower S, energies than TDA with both B3LYP and CAM-B3LYP. However, in the case
of the complexes, both TD methods yield quite similar energies for the main excitation (Eyert main, 1-€-
the excitation with the largest oscillator strength, see Tables S3 and S4). Moreover, TDDFT and TDA
yield almost equal energies for the 10 lowest singlet excited states of the 3T4Q—PC;BM and 3Q4T-
PC7;,BM complexes (Tables S5 and S6), with TDA energies being only 0.0-0.1 eV larger. For the
complexes with TQ equal or longer than 3T2Q/3Q2T, TDDFT predicts the main excitation mainly as
a pure LE state, while TDA tends to yield the main LE state with a mixed CT character, especially
with CAM-B3LYP. Similarly, CAM-B3LYP predicts the main excitation as the LE state with a mixed
LE and CT character in the complexes with 3T2Q and 3Q2T when using both TDDFT and TDA, and
also in complexes with 3T4Q and 3Q4T when using TDA. The amount of CT in the lowest CT state
(CT)) is quite similar with both TDDFT and TDA when using the B3LYP functional (Table S3).
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CAM-B3LYP predicts more differences in the amounts of CT between TDDFT and TDA (Table S4),
TDA yielding more significant CT.
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Table S1 Energies of the first singlet (S;) excited states (in eV) of the isolated TQ and PC;;BM
models? calculated with TDDFT (TDA) using different functionals and the 6-31G* basis set.

Functional T T2Q | 3T2Q | 3T4Q | Q Q2T | 3Q2T | 3Q4T |PC,.BM

S3LYP 594 | 263 | 214 | 192 | 356 | 257 | 214 | 191 | 2.03
6.08) | (2.73) | (2.24) | (1.99) | (3.60) | (2.68) | (2.24) | (1.99) | (2.03)

canpsLyp| 603 | 315 [ 264 | 243 [ 385 | 3.08 | 264 | 243 | 227
6.28) | (3.28) | (2.76) | (2.52) | 3.91) | 3.22) | (2.75) | (2.52) | (2.39)

aTQ and PC;;BM models presented in Figure S1.

Table S2 Characteristics of the selected excited states of the TQ—PC7;BM complexes calculated with
TDDFT (TDA) at the B3LYP/6-31G* level of theory.

Complex T- | T2Q- [3T2Q-[3T4Q-[ Q- | Q2T- [3Q2T-[3Q4T-
PC,;BM|[PC,,BMPC,;BM[PC;BM|PC;,BMPC,;BM[PC;;BM[PC;,BM
B (V) 236 | 210 | 213 | 191 | 237 | 205 | 2.14 | 191
: (2.39) | (2.10) | 2.21) | (1.98) | (2.42) | (2.05) | (2.21) | (1.98)
] State S S, Se S, S S, S, S,
g (Ss) (S4) (Ss) (S4) (So) (S4) (Ss) (S4)
g o 046 | 082 | 0.68 | 097 | 045 | 091 | 045 | 0.97
S NTO main (0.63) | (0.82) | (0.86) | (0.97) | (0.42) | (0.97) | (0.59) | (0.98)
é Naturce LF CT LE LE LF | PCT | LE LE
g (LF) | (CT) (LE+CT) (LE) | (LF) | (PCT) | (LE) | (LE)
2 o0 71 4 5 0 92 2 1
= | Amomt ot CT®P ) | iy | an | @) | @ || @ | o
. 0.0382 [ 0.0178 | 0.5241 | 1.4589 | 0.0415 | 0.0101 | 0.4440 | 1.4498
i (0.0379)((0.0179)((0.7825)|(1.8710){(0.0382)((0.0106)|(0.6922)((1.8101)
o ey ] 196 | 1.70 | L6l ] 191 | 1.69 | 1.58
: cri (V) (1.96) | (1.70) | (1.61) (1.92) | (1.69) | (1.58)
< N ) 096 | 1.00 | 1.00 099 | 1.00 | 1.00
E NTO. €T ) (0.96) | (1.00) | (1.00) ) (0.99) | (1.00) | (1.00)
3 75 96 96 91 97 98
g | AmountofCT®pr) - | 75 | o) | 00 | T | o | on | o9
o [ 0.0053[0.0129[0.0322]  [0.0025 [ 0.0072 | 0.0148
e (0.0054)[(0.0122)((0.0274) (0.0026)((0.0067)|(0.0128)

aThe excitation with the largest oscillator strength. YFraction of the hole-electron pair to the given
transition. °LF = local excitation within PC;;BM, LE = local excitation within TQ, CT = charge
transfer from TQ to PC;;BM, PCT = pure CT, i.e. more than 90 percentage points (pp) charge density
transferred from TQ to PC7;BM. Amount of charge density transferred from TQ to PC7BM in
percentage points. °Oscillator strength. fThe lowest CT state (CT;) was the S; state for all the

complexes.
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Table S3 Characteristics of the selected excited states of the TQ—PC;;BM complexes calculated with
TDDFT (TDA) at the CAM-B3LYP/6-31G* level of theory.

Complex T- | T2Q- [ 3T2Q- [ 3T4Q- | Q- | Q2T- [ 3Q2T- | 3Q4T-
PC,;BM|PC;,BM | PC;;BM | PC;;BM | PC;;BM |PC;,BM | PC;,BM | PC;;BM
B (V) 274 | 274 2.59 2.41 273 | 274 | 2.60 2.42
: (2.80) | (2.79) | (2.67) | (2.48) | (2.80) | (2.80) | (2.69) | (2.50)
] State S, Se S; S, S Se S; S,
s (Se) (Se) (S4) (S2) (Se) (Se) (S4) (S2)
g, |07 [ 076 0.85 0.83 0.76 | 0.78 0.83 0.84
S| TNTOmE0.67) | (0.67) | (0.81) | (0.78) | (0.66) | (0.65) | (0.83) | (0.74)
= ] LF LF | LE+CT | LE LF LF | LE+CT | LE
5| Nature (LF) | (LF) |(LE+CT)|(LE+CT)| (LF) | (LF) |(LE+CT)|(LE+CT)
2| Amount of 0 0 18 7 0 0 12 5
“letepr | @ | © | @ | an | © | 0 | @ | a2
o 0.0461 | 0.0421 | 0.8260 | 1.7524 | 0.0480 | 0.0453 | 0.9181 | 1.7957
man (0.0569)| (0.0524) | (0.6347) | (1.7050) | (0.0629) | (0.0581) | (0.7218) | (1.6261)
. - - 274 | 2.67¢ - - 274 | 2.67¢
cr (eV) (2.79) | (2.69) (2.77) | (2.68)
- - S; Ss¢ - - S, Sse
El ) | s ) | ()
@ . - - 0.76 | 0.77¢ - - 0.75 | 0.78¢
B~ XNTO,CTI
3 (0.64) | (0.81) (0.66) | (0.89)
2 [ Amountof | - - 11 38¢ : i 19 67¢
CT (pp)* (15) (67) (48) (83)
e ] ] 0.0542 | 0.04312 ] ] 0.0320 | 0.0262¢
r (0.0823) | (0.1366) (0.1567) | (0.0933)

aThe excitation with the largest oscillator strength.  Fraction of the hole-electron pair to the given
transition. °LF = local excitation within PC;;BM, LE = local excitation within TQ, CT = charge
transfer from TQ to PC;;BM. YAmount of charge density transferred from TQ to PC7BM in
percentage points. Oscillator strength. 'When E et main have a CT contribution, the characteristics of
the second lowest CT state (CT,) are reported for the CT state. €The CT), state was considered.
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Optimally tuned range separation parameters of the selected isolated TQ and PC;;BM models
and TQ-PC;;BM complexes

Table S4 Optimally tuned (OT) range separation parameters (®) of OT-BNL determined using the

gap tuning procedures?® with the 6-31G* basis set.

Model OT o
(bohr)
3T4Q 0.15
3Q4T 0.15
PC, BM 0.18
TQ-PC; BM 0.17

aThe OT o values of the isolated molecules were determined using the gap tuning procedure described
inref. 8 and 9. For TQ-PC;;BM complexes, eq. S1 was used.

Excitation energies of the 3T4Q—PC;,BM and 3Q4T-PC;;BM complexes

i)

TDDFT in vacuum with the 6-31G* basis set

Table S5 Vertical excitation energies (in eV)? calculated with TDDFT in vacuum using different
functionals and the 6-31G* basis set.

Functional |Complex S S, S; S4 S; S S, Ss So S1o
B3LYP 3T4Q-PC;BM[1.6096(1.6750[1.7513(1.91382.030112.05832.13982.1755[2.1868]2.1979
3Q4T-PC;BM|1.5744(1.6392(1.71291.91312.0286[2.05192.13872.14492.151812.1755
PBEO 3T4Q-PC;;BM(1.70351.7782|1.848912.02152.11382.1415[2.23352.273412.302312.3175
3Q4T-PC;BM|[1.6720(1.7450/1.813912.02752.1153[2.143312.23332.2633[2.2746[2.2848
CAM-B3LYP3T4Q-PC,BM2.26652.40562.46632.630112.66522.6836[2.71152.7412/2.767 [2.7852
3Q4T-PC7; BMR.27122.42252.46672.62472.66522.690312.70662.74752.761812.7905
OT-BNL 3T4Q-PC;,BMR2.10862.194712.22732.38252.408412.428212.46452.5013[2.529312.5465
3Q4T-PC7 BMR.1144]2.208 2.22742.3833[2.40952.44262.45582.5132[2.523612.5509

aRelative to the GS (Sy). These are the adiabatic values.
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i)

TDA in vacuum with the 6-31G* basis set

Table S6 Vertical excitation energies (in eV)? calculated with TDA in vacuum using different
functionals and the 6-31G* basis set.

Functional |Complex S S, S; S, S; S S5 Ss So S1o
B3LYP 3T4Q-PC7 BM|1.6109/1.6753[1.7525[1.9753[2.031312.0588(2.141 2.17652.186912.1983
3Q4T—PC7BM|1.5751{1.6394(1.7131(1.97742.033212.06252.14162.145012.15202.1833
PBEO 3T4Q-PC;,BM(1.7050/1.7785|1.850112.08482.11552.142112.23572.2752[2.302712.3192
3Q4T-PC; BM[1.6727|1.7451|{1.814112.08652.1173[2.144612.23612.2633]2.27572.2856
CAM-B3LYP3T4Q-PC;BMR2.33132.47902.51672.65642.68882.72892.73642.78622.81302.8211
3Q4T-PC;BMR2.3356[2.49572.51882.65582.679312.730812.73772.7916[2.812712.8209
OT-BNL 3T4Q-PC;BMR2.15312.253912.282012.40602.43292.477112.484012.54492.56792.5758
3Q4T-PC;BMR2.159522.26592.290012.4056[2.42392.478312.48402.5556[2.56852.5783

aRelative to the GS (Sy). These are the adiabatic values.

ii)

TDDFT in vacuum with the 6-31G** and 6-31+G* basis sets

Table S7 Vertical excitation energies (in eV)? calculated with TDDFT in vacuum using different
functionals and the 6-31G** basis set.

Functional |Complex S S, S; S4 S;s S S, Ss So NIT
B3LYP 3T4Q-PC7,BM|1.6131|1.6793(1.7549/1.9089[2.014912.02992.13182.1576(2.188 2.1967
3Q4T-PC7BM|1.5790]1.6443(1.7175/1.9058]2.01752.03392.13372.1486[2.1552(2.166
PBEO 3T4Q-PC7,BM|1.7060/1.7815[1.85152.0184{2.09392.113412.22482.25682.2948]2.3041
3Q4T-PC7 BM|1.6755|1.7491|1.81752.01492.0958|2.116 [2.227 2.26142.26722.2851
CAM-B3LYP3T4Q-PC;1BM2.27592.4158]2.46982.62672.66992.6731[2.71622.73722.77002.7926
3Q4T-PC71BMR2.280112.42942.47272.627 2.66892.67662.71322.74152.76772.795
OT-BNL 3T4Q-PC7;,BM{2.10652.19852.230812.38342.412912.42942.46782.50892.5275]2.5454
3Q4T-PC7 BMQR2.11212.21372.23172.3853[2.41532.43972.4626/2.517 2.5253]2.5509

aRelative to the GS (Sy). These are the adiabatic values.

Table S8 Vertical excitation energies (in eV)? calculated with TDDFT in vacuum using different
functionals and the 6-31+G* basis set.

Functional

Complex

Sy

S,

S3

S4

Ss

Se

Sy

Ss

Sy

SlO

B3LYP

3T4Q-PC;,BM

1.4578

1.5279

1.6015

1.8532

1.9980

2.0083

2.0167

2.0469

2.1073

2.1159

aRelative to the GS (Sy). These are the adiabatic values.

S13



iii)

TDDFT in 1,2-DCB and blend with the 6-31G* basis set

Table S9 Vertical excitation energies (in eV)? calculated with TDDFT in 1,2-DCB using different
functionals and the 6-31G* basis set.

Functional |Complex S S, S; S, S; S S5 Ss So S1o
B3LYP 3T4Q-PC7 BM|1.6519]1.7271]1.7948(1.8782/1.9908| 2.023 2.12842.1686[2.187412.2291
3Q4T-PC7 BM|1.6365|1.7111{1.7811{1.8733|1.990412.02532.12852.171812.1868]2.2016
PBEO 3T4Q-PC;,BM|1.73291.8208|1.8825[1.988522.07292.10072.22182.2712[2.2848]2.3346
3Q4T-PC;,BM|1.7198]1.8065|1.8701{1.9848/2.072 2.100612.2221|2.276 [2.28252.3153
CAM-B3LYP3T4Q-PC,BMR2.26372.3743[2.44022.61322.66622.68452.717112.72232.768412.7940
3Q4T-PC;BMR2.2683|2.389 2.44092.61102.66662.69192.71552.72812.76872.7974
OT-BNL 3T4Q-PC;,BMR2.09612.1728]2.204512.37452.420412.428612.4836[2.4969| 2.523 2.5465
3Q4T-PC; BMR.10152.18892.20442.3727|2.423 [2.43942.48352.4976/ 2.525 2.5502

aRelative to the GS (Sy). These are the adiabatic values.

Table S10 Vertical excitation energies (in eV)? calculated with TDDFT in blend using different
functionals and the 6-31G* basis set.

Functional |Complex S S, S; S4 S; S S, Ss So NIT
B3LYP 3T4Q-PC7,BM|1.6350/1.7082(1.7759| 1.85211.99732.020712.1282[2.16362.18722.2101
3Q4T-PC7BM|1.6174/1.689 (1.7601|1.8442/1.9978(2.024 2.12852.16712.186612.1938
PBEO 3T4Q-PC7,BM|1.719|1.804 (1.8659/1.9615]2.07852.099412.2209[2.26492.28442.3195
3Q4T-PC7BM|1.7039]1.7865(1.8517]1.95472.07862.09962.2214| 2.27 2.28252.2995
CAM-B3LYP3T4Q-PC;1BM2.26352.34742.44012.61252.65982.67572.71532.7185]2.7583[2.7892
3Q4T-PC71BMR2.26792.36092.44182.610812.6603[2.68462.71212.72142.75742.7944
OT-BNL 3T4Q-PC7;,BM{2.09682.14832.20452.37512.41722.42142.4761[2.4926(2.514 2.5434
3Q4T-PC7 BMQ2.10212.16262.20572.37382.42042.43112.4756[2.49382.516212.5481

aRelative to the GS (Sy). These are the adiabatic values.
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Adiabatic and diabatic dipole moments and charge differences of the CT; and LE states

i)

TDDFT in vacuum, 1,2-DCB, and blend with the 6-31G* basis set

Table S11 Adiabatic and diabatic electric dipole moments (Ap;2d and Apdiab)2 and charge differences
(Ag;? and Aqdieb) for the CT; and LE states of the studied TQ-PC7;BM complexes calculated with
the 11-state GMH and FCD schemes® using different functionals and the 6-31G* basis set.

Scheme GMH FCD

Functional Complex AuCTlad AuCTldiab AHLEad Al'lLEdiab AqCTlad AqCTldiab AqLEad AqLEdiab
31.0 31.2 1.1 0.3 1.9 2.0 0.1 0.0

B3LYD 3T4Q-PC,,BM| (29.0) | (29.6) | 4.6) | (0.4) | (1.9) | (2.0) | (0.3)| (0.0)
29.17 | 129.6] | 15.31 | [0.57 | 1197 | 12.0] | [0.3]] [0.0]

31.4 31.4 0.2 0.1 2.0 2.0 0.0 0.0

3Q4T—PC;,BM| (30.0) | (30.5) | (0.9) | (0.0) | 2.0) | (2.0) | (0.1) | (0.0)

130.2] | (30.7] | (1.0] | [0.1] | [2.0] | [2.0] |[0.1]] [0.0]

29.9 30.2 1.4 0.2 1.9 2.0 0.1 0.0

3T4Q-PC,BM| (28.4) | (29.2) | 3.6) | (03) | (1.9 | 2.0) | 0.2)| (0.0)

BEO 128.57 | 12921 | 1431 | 1041 | 1197 | 12.0] | [0.3]] [0.0]
30.5 30.7 0.1 0.3 2.0 2.0 0.0 0.0

3Q4T-PC, BM| (29.3) | (29.9) | (0.9) | (0.0) | 2.0) | 2.0) | ©0.1) | (0.0)

129.5] | [30.0] | [1.0] | [0.1] | [1.9] | [2.0] |[0.1]| [0.0]

12.5 26.6 1.3 0.6 0.7 1.9 0.1 0.0

3T4Q-PC,BM| (8.2) | (25.6) | (0.9) | (0.4) | (0.6) | (1.8) | (0.1) | (0.0)

9.6] | [24.5] | [0.9] | [0.3] | [0.6] | [1.7] | [0.1]] [0.0]

CAM-B3LYP 16.6 27.9 0.8 0.3 1.1 1.9 0.1 0.0
3Q4T-PC, BM| (7.9) | 27.1) | (0.5) | (0.1) | (0.6) | (1.9 | (0.1) | (0.0)

[10.3] | [26.7] | 10.51 | [0.1] | [0.7] | [1.9] |[0.0] ]| [0.0]

11.3 24.5 1.7 0.3 0.7 1.8 0.2 0.0

3T4Q-PC,BM| (7.9) | 22.7) | (1.2) | (03) | (0.5) | (1.6) | (0.1) | (0.0)

82] | [232] | [1.2] | [0.7] | [0.5] | [1.6] |[0.1]] [0.0]

OT-BNL 159 26.3 0.6 0.5 1.1 1.9 0.1 0.0
3Q4T-PC;,BM| (9.0) | (25.3) | (0.2) | (0.6) | (0.6) | (1.9) | (0.1) | (0.0)

11097 | 12541 | 10.71| 1031 | 10.71 | 11.9] | [0.17] [0.0]

aRelative to the GS. "Values calculated in vacuum, 1,2-DCB (in parentheses), and blend (in brackets).
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i)

TDDFT in vacuum with the 6-31G** and 6-31+G* basis sets

Table S12 Adiabatic and diabatic electric dipole moments (Ap;*® and Apdiab)2 and charge differences
(Aqg;;*d and Agqfi?b) for the CT; and LE states of the studied complexes calculated with the 11-state
GMH and FCD schemes® using TDDFT the 6-31G** and 6-31+G*¢ (in parentheses) basis sets.

Scheme GMH FCD
Functional Complex AHCTlad AHCTldiab AHLEad AHLEdiab AqCTlad AqCTldia AqLEad AqLEdiab
b
3T4Q-PC,;BM 1.9 2.0 0.1 0.0
QPCn 309 | 309 | 12 | 03

B3LYP (1.6) (1.6) | (0.3) | (0.4)

3Q4T-PC; BM| 31.4 31.5 0.2 0.2 2.0 2.0 0.0 0.0
PREO 3T4Q-PC;BM| 29.9 30.1 1.4 0.2 1.9 2.0 0.1 0.0

3Q4T-PC; BM| 304 30.6 0.1 0.3 2.0 2.0 0.0 0.0

3T4Q-PC; BM| 12.7 26.8 1.4 0.5 0.8 1.9 0.1 0.0
CAM-B3LYP

3Q4T-PC; BM| 15.9 27.9 0.8 0.8 1.1 1.9 0.1 0.0

3T4Q-PC; BM| 11.2 24 .4 1.5 0.2 0.7 1.7 0.2 0.0
OT-BNL

3Q4T-PC; BM| 15.8 26.1 0.4 09 1.1 1.9 0.1 0.0

aRelative to the GS. PValues calculated in vacuum. °Only with B3LYP for 3T4Q-PC;;BM.

i)

TDA in vacuum with the 6-31G* basis set

Table S13 Adiabatic and diabatic electric dipole moments (Ap;*® and Apdiab)2 and charge differences
(Aq;*! and Aqdi?®) for the CT, and LE states of the studied complexes calculated with the 11-state
GMH and FCD schemes® using TDA with the 6-31G*basis set.

Scheme GMH FCD
. Complex . . IAqQcT1? . .
Functional Apceri®® | Aper @ Ape* Ape®™®) 7 [Aqer | Aque AqLe®™P
B3LYP 3T4Q-PC;BM| 31.3 31.4 0.6 0.4 2.0 2.0 0.1 0.0
3Q4T-PC; BM| 31.6 31.6 0.4 0.1 2.0 2.0 0.0 0.0
PBEO 3T4Q-PC; BM| 30.2 30.3 0.9 0.2 2.0 2.0 0.1 0.0
3Q4T-PC BM| 30.6 30.7 0.1 0.2 2.0 2.0 0.0 0.0
CAM-B3LYP 3T4Q-PCHBM| 17.0 27.0 2.0 0.1 1.2 1.9 0.2 0.0
3Q4T-PC; BM| 20.9 28.1 1.0 0.9 1.5 1.9 0.2 0.0
3T4Q-PC; BM| 13.7 14.0 1.5 1.5 0.9 1.8 0.2 0.0
OT-BNL
3Q4T-PC; BM| 18.7 26.7 0.3 0.6 1.4 1.9 0.1 0.0

aRelative to the GS. ®Values calculated in vacuum.
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NTOs of the 3T4Q-PC,;BM complex
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Figure S2 NTOs (the main pair) corresponding to the CT; and LE states of the 3T4Q-PC;;BM
complex calculated with TDDFT using different functionals and 6-31G* basis set (isodensity contour
=10.025). The contributions (%) of TQ and PC7;BM to the NTOs and contributions (Anto) of the NTO
pair to the particular excitation are also presented.
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Electronic couplings of 3T4Q-PC;;BM and 3Q4T-PC;;BM
i) Electronic couplings in vacuum with TDDFT and the 6-31G* basis set
Table S14 Electronic couplings (in meV) for the ED and CR processes of 3T4Q—-PC7,BM calculated

with TDDFT in vacuum using the GMH and FCD schemes with different number of the states (2—11)
together with the different functionals and the 6-31G* basis set.

B3LYP PBE0 CAM-B3LYP OT-BNL
Scheme ED CR ED CR ED CR ED CR
2GMH 41.5 46.6 46.6 51 72.1 74 76.8 113.8
3GMH 41.7 50.8 46.8 56.1 72.6 108.6 77.2 137.8
4GMH 40.2 51.3 46.0 56.3 71.9 74.4 74.4 107.7
SGMH 38.3 47.8 43.5 51.8 - - - -
6GMH 37.1 46.3 42.5 50.2 - - - -
7GMH 36.8 45.3 - - - - - -
11GMH 36.3 453 42.7 50.2 49.0 118.5 48.5 141.8
2FCD 38.4 44.0 42.7 46.4 82.7 122.2 82.7 138.9
3FCD 38.4 43.0 42.7 45.2 82.7 106.6 82.7 111.0
4FCD 37.7 43.0 42.2 45.3 69.2 75.5 70.7 83.0
SFCD 36.5 46.1 40.7 48.9 - - - -
6FCD 36.9 46.4 40.8 48.8 - - - -
7FCD 36.8 46.0 - - - - - -
11FCD 37.3 46.3 41.7 48.8 59.7 80.5 65.5 88.1
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Table S15 Electronic couplings (in meV) for the ED and CR processes of 3Q4T-PC7,BM calculated
with TDDFT in vacuum using the GMH and FCD schemes with different number of the states (2—11)
together with the different functionals and the 6-31G* basis set.

B3LYP PBE0 CAM-B3LYP OT-BNL
Scheme ED CR ED CR ED CR ED CR
2GMH 21.6 27.9 30.4 30.4 50.8 2.8 56.0 24.6
3GMH 22.0 31.0 30.6 34.3 51.0 33.9 52.9 54.8
4GMH 21.9 30.9 30.6 34.0 51.7 27.8 49.3 48.3
SGMH 21.9 30.8 30.5 33.7 - - - -
6GMH 21.6 30.8 30.2 334 - - - -
7GMH 21.4 30.4 30.1 33.6 - - - -
8GMH - - 30.2 31.8 - - - -
11GMH 21.3 304 304 31.6 35.2 63.6 33.2 92.4
2FCD 23.1 25.2 26.7 26.6 54.2 48.4 52.5 51.3
3FCD 23.1 25.2 26.7 26.4 54.2 45.9 52.5 47.7
4AFCD 23 25.2 26.6 26.5 48.6 349 48.0 359
SFCD 22.9 25.7 26.5 27.1 - - - -
6FCD 22.9 25.8 26.4 27.0 - - - -
7FCD 22.9 26.1 26.6 25.6 - - - -
8FCD - - 26.6 27.0 - - - -
11FCD 23.1 25.7 26.8 27.0 43.5 39.1 44.8 44.1
200 200
L Exciton dissociation L Charge recombination
180 - 180 |-
160 [ GMH /FCD 160 - GMH / FCD
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Figure S3 Electronic coupling values of the studied TQ—PC;;BM complexes calculated with TDDFT
at the PBE0/6-31G* level of theory using either the GMH and FCD schemes with different number
of states (2—-11).
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Figure S4 Electronic coupling values of the studied TQ—PC;;BM complexes calculated with TDDFT
at the CAM-B3LYP/6-31G* level of theory using either the GMH and FCD schemes with different
number of states (2—11).

i) Electronic couplings in vacuum with TDA and the 6-31G* basis set

Table S16 Electronic couplings (in meV) for the ED and CR processes of the studied complexes
calculated with TDA in vacuum using the 11-state GMH and FCD schemes and the 6-31G* basis set.
Complex Scheme B3LYP PBE0 CAM-B3LYP OT-BNL
ED CR ED CR ED CR ED CR
3T4Q-PC;BM 11GMH | 36.2 | 46.6 | 44.2 51.6 513 | 137.8 53 171.2
I11FCD | 36.1 | 464 | 409 | 489 62.0 83.5 53.7 86.4
3Q4T-PC; BM 11GMH | 255 | 30.3 29.6 31.3 37.8 | 112.1 | 38.8 | 128.7
I11FCD | 213 | 257 | 249 | 27.0 | 464 | 434 353 44.2

ii) Electronic couplings in vacuum with TDDFT and the 6-31G** and 6-31+G* basis
sets

Table S17 Electronic couplings (in meV) for the ED and CR processes of 3T4Q-PC7;BM calculated
with TDDFT in vacuum using the 11-state GMH and FCD schemes together with the different
functionals and the 6-31G** or 6-31+G* basis sets.

Basis set B3LYP PBE( CAM-B3LYP OT-BNL
Scheme ED CR ED CR ED CR ED CR
11GMH 6-31G** 36.4 47.1 42.9 50.3 492 | 143.7 | 48.6 | 160.4
11FCD 6-31G** 37.6 46.3 41.7 48.9 60.9 83.4 70.0 89.6

6-31+G* 39.1 46.9 - - - - - -
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Table S18 Electronic couplings (in meV) for the ED and CR processes of 3Q4T-PC7,BM calculated
with TDDFT in vacuum using the 11-state GMH and FCD schemes together with the different
functionals and the 6-31G** basis set.

B3LYP PBE0 CAM-B3LYP OT-BNL
Scheme ED CR ED CR ED CR ED CR
11GMH 25.6 30.9 294 31.4 37.6 109.2 32.7 114.7
11FCD 233 25.8 26.5 27.0 45.5 40.2 45.9 443

i) Electronic couplings in different environments with TDDFT and the 6-31G* basis set

Table S19 Electronic couplings (in meV) for the ED and CR processes of 3T4Q—-PC7,BM calculated
with TDDFT in different environments using the GMH and FCD schemes with 11 states together
with the different functionals and the 6-31G* basis set.

B3LYP PBE0 CAM-B3LYP OT-BNL
Scheme Medium ED CR ED CR ED CR ED CR
11GMH vacuum 36.3 45.3 42.7 50.2 490 | 118.5 | 48.5 | 141.8
1,2-DCB 36.6 50.1 43.8 53.7 55.5 180.1 | 44.1 | 203.9
blend 34.6 49.3 41.8 53.4 56.7 | 168.8 | 54.5 | 252.0
11FCD vacuum 37.3 46.3 41.7 48.8 59.7 80.5 65.5 88.1
1,2-DCB 41.9 50.3 45.6 52.0 63.5 87.9 68.9 | 110.2
blend 41.8 50.2 45.5 51.9 63.1 89.5 69.1 95.8

Table S20 Electronic couplings (in meV) for the ED and CR processes of 3Q4T-PC7,BM calculated
with TDDFT in different environments using the GMH and FCD schemes with 11 states together
with the different functionals and the 6-31G* basis set.

B3LYP PBE0 CAM-B3LYP OT-BNL
Scheme Medium ED CR ED CR ED CR ED CR
11GMH vacuum 21.3 30.4 30.4 31.6 35.2 63.6 33.2 924
ODCB 31.0 38.4 35.0 42.7 434 | 1023 | 29.5 | 1499
blend 30.4 38.2 34.5 42.2 439 | 124.1 | 38.7 | 1219
11FCD vacuum 23.1 25.7 26.8 27.0 43.5 39.1 44.8 44.1
ODCB 29.2 28.0 325 29.0 49.9 41.7 52.2 47.1
blend 294 27.7 32.6 28.6 49.4 41.6 48.3 47.3
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Bond length alternations of 3T4Q and 3Q4T
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Figure S5 Changes in the bond lengths (Ar) of the whole backbones of (a) 3T4Q and (b) 3Q4T and
of (¢) & (d) two different middle parts of the molecules during the eD* — eD" and eD*— eD
transitions. The bond numbers for the whole backbones are defined along the numbered conjugation
paths marked in the structures, which are presented above the graphs. Two different middle parts of
the oligomers have also been considered to directly compare the changes in the similar parts of the

molecules.
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