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Molecule structures of dopants and OSCs
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Fig. S1. Molecular structures of DMBI-H derivates considered in this work. The active
C-H bond is highlighted in blue, and the structure difference from N-DMBI-H is
highlighted in red.
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II: Polymers
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Fig. S2. Molecular structures of OSCs considered in this work.
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Optimal hydrogen atom/hydride adsorption sites
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Fig. S3. Possible adsorption sites of the hydride (H") and hydrogen atom (H-) and the
relative energies in kcal/mol at (U)B3LYP/6-31G** level in CHCI;. The optimal
adsorption sites are highlighted: red for hydride, blue for the hydrogen atom, and pink
for both of them. Some sites with adsorption energies lower than the optimal sites are
excluded (highlighted in orange) because optimized structures show that the carbon-
halogen bonds are broken by the adsorption of a hydride or hydrogen atom to these
sites. The zero-point energy (ZPE) correction of vibration is not included here to save

the computational cost.
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Fig. S4. The structures of the electron-withdrawing (black) and electron-donating (blue)
moieties of considered OSCs, the possible optimal hydride addition sites are
highlighted in red. They are grouped into 12 categories: Naphthalene diimide (NDI),
perylene diimide (PDI), C60, benzodifurandione-based oligo(p-phenylene vinylene)
(BDOPV), benzodifurandione-based poly(p-phenylenevinylene) (BDPPV), thiophene-
fused benzodifurandione-based poly(p-phenylenevinylene) (TBDPPV), bis-isatin-
based benzodifurandione-based poly(p-phenylenevinylene) (LPPV), bithiophene imide
(BTI), thiophene-flanked  diketopyrrolopyrrole = (TDPP),  pyridine-flanked
diketopyrrolopyrrole (PyDPP), pyrazine-flanked diketopyrrolopyrrole (PzDPP), as
well as thiophthene-flanked diketopyrrolopyrrole (TTDPP).
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Fig. S5. The LUMO (iso = 0.05) of representative small molecules and polymers (n =
1). The optimal addition sites of hydrogen atom (in blue), hydride anion (in red), and

both of them (in purple) are marked by arrows.
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Additional discussions about HYT

The Gibbs free energy of activation, AG' of HYT from N-DMBI-H to OSCs was

calculated by optimizing the structure of transition state (TS) where the transferring

species [H] (may it be H', H', or H") is located between the donor carbon atom of N-

DMBI-H and the acceptor atom of OSCs. 2CN-BDOPV, Q-DCV-DPPTT, NDI-T2, and
C60 are chosen as representative OSCs for their typical chemical structures (Fig. S6a).
To show the amount of electron transfer (Qrr) from N-DMBI-H to OSCs during the
reaction, the natural population analysis' is performed along the intrinsic reaction
coordinate. The charges on the [D], [H], and [A] species, respectively, are shown in S6b,
with Op + Ou + Oa = 0 for the whole reaction complex. On the reactant side, the Qgr
can be estimated by the charge on [A] (Qa). For NDI-T2 (EA = 3.7 e¢V) and C60 (EA =
3.8 eV) with small EAs, there is only 0.25e transferred from N-DMBI-H (IE = 5.1 eV)
to OSCs. But there is a notable Qgr around 0.5¢ for 2CN-BDOPV and Q-DCM-DPPTT
with relatively large EAs (4.3 eV and 4.7 eV, respectively). On the product side, the
Qkr can be estimated by the charge on [D] (Opb), Op = +1e for all the OSCs indicates
that an integrated electron has been transferred from DH to A, accompanying the [H]
transfer. Notably, the charge on the [H] species (QOn) is much less than +1e and remains
constant during the reaction for all cases except for NDI-T2. In NDI-T2, On increases
from +0.25¢ on the reactant side to +0.5¢ on the product side, which can be attributed
to the electronegativity difference between the donor carbon and the acceptor oxygen

atom which is the optimal [H]-addition site of NDI-T2. This shows that the transferring
[H] species is H' rather than H™ or proton. These results strongly support the HYT
mechanism that describes the transfer of one hydrogen atom and one electron, and the
electron transfer starts with the hydrogen atom transfer. As the 7, increases, H
moves from D to A, and the amount of electron transfer increases, which is concordant
with the HYT via concerted electron and hydrogen atom transfer.

The Distortion/Interaction analysis® is performed to further understand the

formation of TS. The total energy change (AE;,;) along the IRC is divided into the

S13



distortion energy (AE4) and the interaction energy (AEjpter), and AE., = AE4 +
AEjhter- AEq 1s the energy difference caused by the geometry distortion of reactants,
DH and A along the IRC, whose value is positive, and AEj,, refers to the
intermolecular interaction between reactants, whose value is negative.> Because the
dopant is N-DMBI-H for all the OSCs, the difference between AEys, namely, AAEy
arises predominantly from the structural distortion of OSCs, and it is less than 10
kcal/mol from Fig. S6¢c. While the maximum AAEj,er is up to 30 kcal/mol, governing
the AAE,,;. On the reactant side, the trend of AEj e, 1S consistent with Qgrt: for 2CN-
BDOPYV and Q-DCM-DPPTT with larger EAs and Qgrs, the AEj, terS are more negative
than NDI-T2 and C60 which have smaller EAs and Qgts. Hence, the AEj, e, 1s dictated
by the Coulomb attraction caused by the ET. As a result, the trend of AG* is in line with
the EA of OSCs, because large EA can promote ET, enhance AEj, ., and eventually
lowers AG*. The polarization, dispersion, and induction interactions may also take a
role in AEj¢er, making the trend of AEj, e deviate from that of Qgr. For example, the
-1 interaction in the N-DMBI-H/Q-DCM-DPPTT system is weaker than the N-
DMBI-H/2CN-BDOPV complex due to the smaller contact area between N-DMBI-H
and OSC in the former (see Fig. S7). In N-DMBI-H/2CN-BDOPYV, there is an evident
m- interaction (in green) between the (dimethylamino)phenyl of N-DMBI-H and 2CN-
BDOPYV, while it does not exist in N-DMBI-H/Q-DCM-DPPTT. As a result, the AEjter
of the former is slightly less negative than the latter, which is opposite to the trend of
OFkr.

To depict the HYT process, the localized molecular orbitals (LMOs) analysis of N-
DMBI-H/2CN-BDOPYV in its TS is illustrated in Fig. S8. We divide the activated

complex DHA' into DH* and A*, and analyze the interactions between them with
LMOs. When the C-H bond is elongated and the bonding orbital of the dopant (labeled

as o ) approaches the empty n” orbital of the OSC that is mainly composed of

DH/ (C-H)

*

the p, orbital on the hydride adsorption atom (labeled as Tt o)

), they interact to form

two three-center o-type bonds named as o . and G ... The bonding orbital o .

A+

S14



is filled and the antibonding orbital G;H 4+ has anode on the transferring H", which is
the character of HAT,>* and it is unoccupied. Meanwhile, as the C-H bond of the dopant

is stretched, the energy of n_ . s also increases (the upper limit is Esomo(D")), and the

n—T overlap near the reaction center can assist the ET from n_ . s to m,, s at the time

of HAT. The larger EA (the smaller IE) of A (D") will cause promoted ET that enhances

the Coulomb interaction and reduces the activation energy, which eventually facilitates

the HYT. The conclusion of LMOs analysis is in line with that of Distortion/Interaction

energy analysis’ (see Figs. S6c). The AG*s of 2CN-BDOPV (7.8 kcal/mol) and Q-

DCM-DPPTT (11.2 kcal/mol) with larger EAs are significantly lower than NDI-T2
(27.3 kcal/mol) and C60 (20.2 kcal/mol) with smaller EAs. It should be noted that there

exist several TS and njﬁ s that contribute to the ET in the LMOs basis, for brevity,

Fig. S8 only shows those with the largest contribution.
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Fig. S6. (a) Molecular structures of representative OSCs with EAs, AGs, and AG's.

The optimal [H]-addition sites are highlighted in red. (b) Charges on the [D] and [A]

species (Op and Qa), as well as that on the transferring [H] (On) along the IRC (plotted

as the C-H bond length of the dopant, £, ). (c) Changes of the distortion energy (AEq),

interaction energy (AEinter), and total energy (AE1w) along the IRC. The vertical dashed

lines indicate the position of transition states.
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Fig. S7. The noncovalent interacting (NCI)* maps of the N-DMBI-H/2CN-BDOPYV and
the N-DMBI-H/Q-DCM-DPPTT systems in the TS obtained using Multiwfn code.®
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Fig. S8. Schematic diagrams of the concerted ET and HAT mechanism based on the
LMOs of dopant (DH’), OSC (A’), and the activated complex (DHA") in the TS.
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Criterion for efficient n-doping
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Fig. S9. The AGyyt at 373.15 K as a function of EA(OSC) -IE(D").
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Fig. S11. Rate constants (298.15 K) of HYT (kuyt) and ET (kgt) in the doping reaction

between BDPPV and N-DMBI-H. The knyr was calculated with Eq. (6), and the kgt

which changes with the electronic coupling (|V]) was calculated using the Marcus

equation.” Since |V] is sensitive to the molecular packing structure, and the hydride

addition to BDPPV destructs the planar structure and conjugation of AH", |V]| could be

diminished. If |V] <30 meV, ket < knyt, the ET process is the RDS of the doping reaction.
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designed polymers.

S20



Supplementary data

Table S1. Calculated electron affinities (EA) versus experimental results in eV. The
calculation was based on the (U)YM06-2X/6-311+G**// (U)B3LYP/6-31G** level in
CHCIs. Note that there is likely some uncertainly in the experimental results based on

CV due to different offset values used (4.8 eV or 5.1 eV).

EA(calc.) EA(expt.) method Ref.
SM1 3.86 3.90 CV 8
SM4 437 4.50 CV 8
SMS 3.71 3.70 CV 8
SM17 3.82 3.90 ?
SM19 428 4.30 9
SM20 3.76 3.70 IPES 10
SM21 3.96 3.96 CV 1
SM22 4.08 4.24 CcVv 12
P1 3.78 4.05 IPES 13
P2 3.86 4.00 14

P3 3.96 4.01,4.10 CV 15,16

P4 4.20 4.30,4.17 CcVv 16,17
P5 4.13 4.30 CV 17
P6 4.11 3.95 [&\% 18
P7 3.96 3.86 CV 18
P8 3.89 3.81 CcVv 18
P9 4.40 4.49 CV 19
P10 4.04 4.40 EA = IP—Ep 20

IP measured
by PESA

P11 3.22 3.45,3.48 CV 21,22
P12 3.40 3.53 [&\% 2
P13 3.46 3.59 CV 2
P14 3.54 3.94 CV 2
P15 3.47 3.77 CV 23
P16 3.40 3.68 [&\% 23
P17 3.45 3.71 CV 23
P18 3.33 3.69 CcV 24
P19 3.43 3.70 CV 24
P20 3.54 3.70 [&\% 25
P21 3.15 3.78 CV 24
P22 3.43 3.81 CV 24

P23 3.76 4.03 CV 25

S21



Table S2. The ionization energy (IE) of dopants (DH) and dopant radicals (D) in eV
as well as the thermodynamic parameters of C-H bond homolysis and heterolysis in

kcal/mol at the (U)M06-2X/6-311+G**// B3LYP/6-31G** level in CHCI:.

AGhomo AGhetero AGhomo AGhetero
IEDH) IED)  h9g15K)  (29815K) (373.15K)  (373.15K)
D1 5.05 2.78 71.6 64.8 69.3 63.3
D2 5.15 3.03 69.7 69.1 67.5 67.3
D3 513 3.04 68.6 68.0 66.9 66.6
D4 508 2.97 69.3 66.9 67.1 65.1
D5 518 3.10 70.1 71.3 68.0 69.6
D6 487 2.68 71.5 62.4 69.2 60.9
D7 495 2.93 69.2 65.7 66.9 63.7

D8 4.98 3.01 68.3 66.6 66.1 65.1
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Table S3. The EA in eV, BDE(AH") of OSCs and thermodynamic parameters at 298.15
K in kcal/mol of HYT, ET and the overall doping reaction between N-DMBI-H and

OSCs at (U)MO06-2X/6-311+G**// B3LYP/6-31G** level in CHCls.

0SC EA BDEAH) AGuyt AGer AGxuz
SM1 3.86 48.7 6.3 13.8 0.5
SM2 3.88 47.1 6.9 133 0.4
SM3 3.92 46.3 6.5 2.0 1.8
SM4 437 48.4 5.6 0.8 -13.1
SM5 3.57 46.4 14.8 12.5 6.6
SM6 3.55 50.3 11.9 1.0 7.6
SM7 3.29 55.4 13.5 15.6 14.4
SMS 3.71 443 13.5 11.4 3.0
SM9 3.96 45.4 7.6 1.1 2.4
SM10 4.05 48.0 3.4 23 3.8
SM11 4.10 48.9 1.1 3.2 4.7
SM12 4.87 51.9 -20.7 0.5 23.1
SM13 3.36 51.9 14.1 15.4 12.2
SM14 3.58 52.6 9.6 16.8 7.1
SM15 3.03 452 283 10.7 18.8
SM16 4.08 49.2 1.7 5.6 43
SM17 3.82 46.5 8.8 6.2 0.5
SM18 3.94 45.0 7.6 8.3 1.7
SM19 4.28 475 223 15.0 9.5
SM20 3.76 53.2 3.5 9.0 0.5
SM21 3.96 64.6 124 12.0 1.5
SM22 4.08 64.2 -14.6 11.4 4.4
SM23 432 63.6 -20.0 9.5 -10.9
SM24 3.96 57.1 6.2 6.3 2.7
SM25 4.72 57.3 236 3.2 -20.7
P1 (n=1) 3.68 47.8 12.1 1.4 4.6
P1 (n=2) 3.76 44.8 13.8 0.9 3.4
P1 (n=3) 3.78 47.7 10.6 13 3.4
P2 (n=1) 3.46 493 14.1 15.9 8.9
P2 (n=2) 3.78 44.9 11.1 11.6 1.6
P2 (n=3) 3.86 45.1 9.4 11.4 0.3
P3 (n=1) 3.89 64.5 -11.2 11.8 0.7
P3 (n=2) 3.95 64.5 “12.1 11.4 22
P3 (n=3) 4.06 63.1 -13.4 11.4 3.6
P4 (n=1) 4.03 64.4 -14.0 11.2 3.6
P4 (n=2) 4.09 64.7 154 11.4 5.1
P4 (n=3) 4.20 62.8 -15.5 9.7 7.0
P5 (n=1) 4.04 64.1 -14.0 11.9 3.6
P5 (n=2) 4.05 64.8 -13.7 12.3 34
P5 (n=3) 4.13 63.5 -15.1 12.2 5.2
P6 (n=1) 3.74 56.2 1.2 9.7 1.8
P6 (n=2) 4.06 51.9 2.0 53 5.0
P6 (n=3) 4.11 52.3 4.1 8.1 5.4
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Table S3 Continued

OSC EA BDE(AH_) AGuyT AGET AGu2
P7 (n=1) 3.76 56.0 1.6 7.1 1.9
P7 (n=2) 3.91 54.8 1.8 7.0 -1.0
P7 (n=3) 3.96 55.0 2.9 5.4 32
P8 (n=1) 3.77 55.9 1.4 6.9 2.3
P8 (n=2) 3.82 56.2 -0.2 8.3 1.2
P8 (n=3) 3.89 55.8 0.1 5.1 -1.8
P9 (n=1) 3.91 61.7 -8.6 10.3 -0.8
P9 (n=2) 431 61.8 -17.8 7.9 -10.8
P9 (n=3) 4.40 60.7 -18.7 8.8 -11.4
P10 (n=1) 3.64 59.0 0.4 53 45
P10 (n=2) 3.96 61.7 9.4 8.9 -1.0
P10 (n=3) 4.04 59.9 -7.6 6.5 -3.2
P11 (n=1) 2.60 52.6 31.2 16.2 28.8
P11 (n=2) 2.97 51.9 24.7 14.8 22.0
P11 (n=3) 3.22 47.8 224 10.1 13.8
P12 (n=1) 3.02 58.2 16.8 21.1 20.0
P12 (n=2) 3.30 54.8 13.4 18.9 14.6
P12 (n=3) 3.40 54.8 12.3 18.1 12.6
P13 (n=1) 3.29 55.7 13.3 19.0 13.9
P13 (n=2) 3.41 53.7 11.8 16.9 11.4
P13 (n=3) 3.46 54.5 13.0 17.2 11.4
P14 (n=1) 2.83 55.5 23.7 22.6 24.5
P14 (n=2) 3.33 50.7 17.0 17.0 12.7
P14 (n=3) 3.54 49.1 12.9 17.1 7.4
P15 (n=3) 3.20 573 12.4 222 15.7
P15 (n=1) 3.41 534 12.5 18.7 11.4
P15 (n=2) 3.47 54.7 9.0 19.4 9.2
P16 (n=3) 3.26 56.3 11.9 21.7 14.5
P16 (n=1) 3.33 54.8 13.0 19.6 12.6
P16 (n=2) 3.40 55.2 11.4 21.2 12.4
P17 (n=3) 3.29 55.6 133 20.7 13.9
P17 (n=1) 3.38 542 12.6 19.3 12.0
P17 (n=2) 3.45 55.1 9.0 21.7 10.8
P18 (n=1) 3.01 61.2 8.9 7.3 11.8
P18 (n=2) 3.27 57.2 10.4 7.7 13.2
P18 (n=3) 3.01 61.2 8.9 7.3 11.8
P19 (n=1) 3.07 533 17.9 3.6 16.8
P19 (n=2) 3.36 48.5 16.5 -0.7 11.3
P19 (n=3) 3.43 46.7 16.7 -2.9 8.7
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Table S3 Continued

OSC EA BDE(AH‘) AGuyr AGEgr AGHh:2
P20 (n=1) 3.25 56.5 12.2 14.8 14.0
P20 (n=2)  3.51 53.1 9.7 12.0 8.8
P20 (n=3) 3.54 53.7 7.4 11.9 6.9
P21 (n=1)  2.98 69.6 5.0 15.1 20.8
P21 (n=2) 3.07 68.4 4.0 13.9 18.2
P21 (n=3) 3.15 67.5 5.2 13.3 18.4
P22 (n=1) 3.06 69.2 3.4 15.2 19.2
P22 (n=2)  3.22 67.0 1.8 12.4 14.3
P22 (n=3) 3.30 66.6 0.7 11.9 13.6
P23 (m=1)  3.56 60.5 1.2 7.0 75
P23 (n=2) 3.75 57.7 0.5 2.4 2.2
P23 (n=3) 3.76 58.6 -1.0 4.5 1.9
P24 (n=1) 3.59 553 4.5 0.3 44
P24 (n=2) 3.94 59.9 -8.1 43 -2.3
P24 (n=3)  4.03 57.2 7.0 2.0 4.1
P25(m=1)  3.66 48.7 9.7 76 42
P25 (n=2) 435 64.0 20.9 33 111
P25 (n=3) 4.70 56.0 -20.8 -11.7 -19.5
P26 (n=1) 3.86 54.6 -1.7 11.0 -0.9
P26 (n=2) 4.29 57.1 -12.5 12.1 -11.3
P26 (n=3) 441 514 -10.0 5.0 -13.3
P27 (n=1) 3.60 50.0 9.3 1.1 5.0
P27 (n=2)  4.05 53.5 4.1 -1.9 5.7
P27 (n=3) 427 48.8 42 -8.6 -12.7
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Table S4. The EA of OSCs in eV and kinetic parameters in kcal/mol of HYT between
N-DMBI-H and OSCs obtained at (U)YM06-2X/6-311+G**// (U)B3LYP/6-31G** level

with D3 correction in CHCls.

EA AH' AG AH' AG
(298.15K) (298.15K) (373.15K) (373.15K)

SM4 437 3.1 17.5 3.4 20.8
SMS8 3.71 5.9 21.0 6.2 24.4
SM12 4.87 6.7 9.1 -6.4 12.7
SM16 4.08 4.2 20.0 45 24.2
SM17 3.82 8.0 22.5 8.3 26.3
SM18 3.94 7.6 23.7 7.9 27.3
SM19 4.28 0.0 13.8 0.3 17.4
SM20 3.76 8.4 20.2 8.8 20.3
SM21 3.96 -5.6 11.0 5.3 15.3
SM22 4.02 7.1 10.9 6.8 15.6
SM23 432 95 7.8 9.2 12.3
SM24 3.96 0.2 17.1 0.1 21.6
SM25 4.72 3.3 11.2 3.0 14.5
P1 (n=1) 3.68 9.4 27.3 9.8 31.9
P2 (n=1) 3.46 5.7 21.1 6.0 25.1
P3 (n=1) 3.89 5.2 11.8 4.9 16.2
P4 (n=1) 4.03 -6.4 10.4 -6.1 14.8
P5 (n=1) 4.04 7.3 10.1 7.0 14.6
P6 (n=1) 3.74 0.9 15.1 -0.6 19.3
P9 (n=1) 3.91 7.4 11.1 7.1 15.8
P11 (n=1) 2.60 21.1 36.5 22.0 40.9
P14 (n=1) 2.83 20.0 35.0 20.2 39.8
P15 (n=1) 3.41 10.4 24.7 10.7 28.4
P18 (n=1) 3.01 6.2 22.6 6.5 26.8
P20 (n=1) 3.25 11.9 27.8 12.2 32.0
P21 (n=1) 2.98 7.2 23.3 7.4 27.5
P23 (n=1) 3.56 0.5 15.8 0.2 20.0
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