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Section S1. Estimations of the Extinction Coefficients of the Anions

With an internal reference, the (Na*,es") ion pair, £=2.4x10* M~*cm™ at 890 nm in THF,* the
extinction coefficients (&) of benzophenone radical anions (BPhO™) and oligofluorene radical
anions (Fn"",n=1-4) were estimated. Here es is the solvated electron. 10 mM of sodium
tetraphenylborate (NaBPhs) was employed to provide ~938 uM of free Na* to form (Na*,es")
ion pair with a rate constant, 7.90x10 Ms71.# With the dissociation equilibrium constant of
NaBPhs, 8.52x107° M, in THF at 298 K,° the concentration of free Na* is calculated. The
lifetime of (Na*,es”) ion pairs is ~2 ps* so es” could attach to BPhO and Fn(n=1-4) before
recombination of es~ with solvated protons and THF radical cation. The free Na* also extends
the lifetimes of BPhO™ and Fn""(n=1-4) so [BPhO"] and [Fn»" (n=1-4)] are almost identical to
the concentration of (Na*,es) ion pairs after the electrons completely transfer from (Na*,es")
ion pairs to BPhO and Fn (n=1-4) during the observation time period.

In THF solutions, the &€ of BPhO™ was estimated by pulse radiolysis with 10 mM of NaBPha.
In Figure S1.1a, kinetic traces of (Na*,es") at 890 nm with and without 0.5 mM of BPhO show
that electrons completely transfer from (Na*,es") to BPhO after 1 us. The kinetic trace of
BPhO™ at 700 nm with NaBPh4 shows that the lifetime of BPhO™ is extended by Na®.
Therefore, ¢ of BPhO™™ at 700 nm is 9.0x10° M 'cm™ estimated from ratio of absorbance
between 2 ns and 2 ps with the assumption that numbers of (Na*,es”) and BPhO'™ are identical.
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Figure S1.1 In THF solutions 10 mM of sodium tetraphenylborate (NaBPha) kinetic traces of
(Na*,es") ion pairs (Red) shows that the lifetime of (Na*,es") ion pairs is ~2 ps. With addition
of 0.5 mM of benzophenone (BPhO) (Na*,es") decays faster to produce (Na*,BPhO™).

The presence of Na™ may shift the absorption bands of radical anions in THF. Transient spectra
of BPhO™™ with and without NaBPhs4 in THF shown in Figure S1.2 demonstrate that Na* shifts
the absorption band of BPhO™ from 800 to 700 nm in THF. The oscillator strengths (f) of
BPhO™ with and without NaBPh4 from 600 to 1000 nm are 0.4176 and 0.4817. This suggests
that these two absorption spectra are contributed by the same absorption band of BPhO™.
Therefore, the € of BPhO™™ at 800 and (BPhO™",Na*) at 700 nm are very similar.
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Figure S1.2 In THF, (a) transient spectra of benzophenone (BPhO, 0.5 mM) from pulse
radiolysis with and without 10 mM of NaBPhs; (b) transient spectra of F, (n=1-4) from pulse
radiolysis with 10 mM of NaBPhas, and concentrations of Fn (n=1-4) are 0.4, 0.3, 0.2, and 0.2
mM.

With the method for estimating the &£ of BPhO™", the € of Fy™ (n=1-4) were estimated in 0.5,
0.4, 0.3, 0.2, and 0.2 mM of Fy(n=1-4) solutions; the results are given in Table 1. Comparing
absorption spectra of Fy™ (n=1-4) given in Figure 3 to theose of F,™ (n=1-4) in NaBPhs
solutions shown in Figure S1.2b that show no obvious absorption band shift at observation
wavelengths of Fn™ (n=1-4) in the presence of Na*.
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Figure S2. Kinetic traces after pulse radiolysis of 1-methylpyrene (MePy) at the 490 nm peak
of MePy" and the 400 nm peak of MePyH" (a) with 10 mM bis(trifluoromethane)sulfonimide
(BTFSI) with MePy, and (b) MePy only in THF. The purpose of BTFSI is to quickly (<25 ns)
protonate MePy"™ to form MePyH". Because of this fast protonation nearly all MePy™ were
protonated to become MePyH*. With this assumption and the extinction coefficients of MePy"™
at 490 nm, 4.87(+0.29)x10* Mtcm™ from Figure S5, we estimated the extinction coefficient
of MePyH" at 400 nm in THF to be 2.20(x0.13)x10* Mtcm™. Based on these two extinction
coefficients, the estimated yield of the geminate proton transfer (PT) reaction (Reaction 4b)
seen in (b) is 0.86x0.12. This yield implies that in geminate recombination decay of the anions
is likely due to the PT reaction with little contribution from electron transfer from MePy™ to

the solvated proton.
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Figure S3. (a) Transient absorption spectra and (b) kinetic traces of FoH® and F>" in THF
solution with 8.4 mM of F> and 1 mM of HCI. The protonation of F>" by HCl is slow, and FoH*
mainly absorbs at 440 nm. At 440 nm the extinction coefficient of FoH" is barely larger than
that of F>", but growth can be observed during the most rapid part of the reaction.
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Figure S4 Kinetic traces of biphenyl (BP) with and without 1-methylpyrene (MePy) in 10 mM
of tetrabutylammonium hexafluorophosphate (TBAPFs) solutions. With the assumption that in
the solution of BP + MePy, the conecntrations of BP* and MePy" are similar after 500 ns.
Based on the extinction coefficient of BP*, 1.26(+0.07)x10* Mcm™ at 650 nm,° the estimated
extinction coefficient of MePy" is 4.87(+0.29)x10* M lcm™ at 490 nm. The kinetic trace of
BP shows that TBAPFs enlogates the lifetime of BP™ to >1 ps, and the kinetic trace of BP with
MePy at 650 nm show that the electrons completely transfer from BP* to MePy within 400 ns.



Section S5. Estimation of the G Values

In radiation chemistry, the product yield is reported as the G value, which is expressed as the
number of species form per joule of energy absorbed by the sample (mol/J). Based on the linear
energy transfer model,” difference of the energies absorbed by different samples can be
estimated based on the sample’s density. From the G value of es” in the standard solution
comprising of 20 vol% of methanol, 80 vol% of water, and 0.1 M of NaOH, we estimated the
G value of BPhO™ in THF by

G g4 €staPre Pepro
E8pno Psia Pstd

Gspho = (S5.1).

Here Ggpho and Gsig are the G values of BPhO*~ in THF and es™ in the standard solution; Agpho
and Ast are absorbances of BPhO*~ in THF and es™ in the standard solution; egpho and est are
the extinction coefficients of BPhO*~ in THF and es™ in the standard solution; ptHr and psts are
the densities of THF and standard solution. Values of the extinction coefficients and densities
are given in Table S5.1. With the G value of es™ in water reported by Bartels,® we extrapolate
the G(t=0) value of es in the standard solution, which is 401.8(£28.1) nmol/J and then, by
Equation S5.1, the G value of BPhO*~ in THF is calculated.

Table S5.1 List of the Extinction Coefficients and Densities (see text).
eta (MTem™)  espo M Tem ™)@ prir (g/em?®) psd (g/cm?)
value 2.30x10* 7.90x10° 0.8892 1.0075
aFrom Section S1 of the Support Information.

Kinetic traces of 50, 100, and 200 mM of BPhO at 760 nm in THF were collected pulse
radiolysis using the optical fiber single shot detection system, which is described elsewhere,°
and by transient digitalizer methods are shown in Figure S6.1. These data indicate that the
number of step captured electrons is increased with increasing concentration. Details of
estimation are in section S6. Table S5.2 shows that by the electro attachment, highly
concentrated BPhO capture electrons within 300 ps, and the difference of yield between 50 and
200 mM is 20%. Figure S6.1a shows that yields of BPhO™ are almost identical after 1 ns,
which suggest annihilation of BPhO™ is diffusion-limited. These results also signal that the
free ion yield in THF is not concentration-dependent.
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Figure S5.1 (a) Kinetic traces of BPhO™ in 50, 100, and 200 mM of BPhO solutions and
solvated electrons in THF at 760 nm were collected by optical fiber-based single shot® and
transient digitalizer methods. (b) Kinetic trace of solvated electrons in standard solution at 760
nm collected by OFSS method.

From data shown in Figure S5.1a, averaged Gsi values of BPhO™ in THF are 77.8(x4.9) nmol/J.
By Equation S6.1 with parameters given in Table S5.1, and Asw(t), Aseno(t) given in Table S5.2,
we calculated G(t) values of BPhO™ in THF. Kinetic traces of different concentrations of BPhO
were fitted by a four exponential function, 4, exp(—kt) + A, exp(—k,t) + A3 exp(—kst) +
Agexp(—k,4t), and then, with Equation S6.1, the fitting results were converted into the G



values. Here A; (i=1-3) and Asi are the absorbances, and k; (i=1-4) are the decay rates. The G
values of BPhO*-are determined by Equation S6.1 with the As absorbances.

Table S5.2 The Concentrations of Benzophenone (BPhO), the Absorbance of BPhO™ at 800
nm, and the G(t) and Gsi values of BPhO™.
Conc. (M) Asta(t) PAgpro(t)  Time (ps)  ©9Gmax (NMol/J)  9Gsi (nmol/J)

0.2 0.0592 0.017 60 328.1 86.2
0.1 0.0592 0.015 150 289.3 81.3
0.05 0.0592 0.013 280 251.2 71.6

a0btained from Figure S6.1(b)
bObtained from Figure S6.1(a)
Calculated by equation S6.1
99% of Uncertainty



Section S6. Estimation of the Captured Fractions of the Electrons

The electrons created by the pulse radiolysis method can be captured by the “step capture”
process and electron attachment. The step captured fraction of the electrons (Fsc) can be
estimated by:

Fsc =1- exp(_q[s]) (86'1),11'12

where [s] is the concentration, and q is the quencher coefficient. The g values of BPhO and Fy
(n=2-4) are given in Table S6.1. F« is the fraction of solvated electrons (es”) are the surviving
from the step capture and solvated by solvent molecules. In other words, the es™ fraction of the
electrons is 1—Fsc. Kinetic trace of es” in THF shown in Figure S6.1 indicate that ~75% of es”
decay geminately with rate 9.70x108 st (kgq) and ~25% of es~ decay homogenously with rate
1.95x10° s (kng). The capture e~ fraction of the electrons (Fs) are estimated by:

F-lo7s.—KaulSl g5, KalS] | (S6.2),
Ky [S]+ kgd K. [S]+ Kpg

where Kat IS the attachment rate constant. The ks of BPhO and Fn (n=2-4) are given in Table
S7.1. The fractions of captured electrons of BPhO with different concentrations and Fn (n=2-
4) are given in Table S6.1.

Table S6.1 Estimated fractions of the step-captured electrons (Fsc), captured solvated
electrons (Fs) and total captured electrons (Ftwt) by benzophenone with different
concentrations and Fn (n=2-4)

Name qM™ kat (M1sY)  Conc. (M) aF b Fiot
0.2 0.898 0.078 0.976
Benzophenone °11.5 €6.40x10%° 0.1 0.683 0.285  0.968
0.05 0.437 0.465 0.902
F2 413.8 136.62x101° 0.03 0.339 0.498 0.837
F3 420.7 136.15%10%° 0.03 0.463 0.398 0.861
Fa d027.6 131.09x10" 0.03 0.424 0443  0.867

aCalculated by Equation S7.1 and see text.

bCalculated by Equation S7.2 and see text.

°Benzophenone and biphenyl are similar in the molecular size so we use the value of g from
measurement on biphenyl® in THF for benzophenone.

dg=nqrp. Here n is the length in the repeat units, gp=6.9 Mt is the quenching coefficient per
repeat-unit concentration from our previous work.4

¢Obtained by observing decay of solvated electrons in THF solution directly.

10
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Figure S6.1 A kinetic trace of transient absorption of es” in THF at 800 nm collected by the
transient digitizer method with 2 ns time resolution from FND-100 photodiode. It indicates
that homogenous decay rate of es™ is 1.95x10° s™1 in THF. The inset shows a kinetic trace of
es” at 760 nm collected by the optical fiber-based single shot!® with 15 ps time resolution. It
indicates that geminate decay rate of es™ is 9.70x10% st in THF.
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Figure S7 (a) Normalized kinetic traces of benzophenone (BPhO) at 800 nm,
fluoranthene (FA) at 450 nm, 1-methylpyrene (MePy) at 490 nm, dibenzofuran (DBF)
at 680 nm, p-terphenyl (pTP) at 950 nm, o-terphenyl (0TP) at 600 nm, F1 at 650 nm, F»
at 530 nm, Fz at 570 nm, and F4 at 580 nm. The normalization factors are 14.7, 30.1,
17.4, 27.0, 9.53, 15.6, 16.3, 8.4, 3.3, and 8.2. Kinetic traces of FA and F, (n=2-4) are
corrected for the triplet absorptions (see Figures S8-S11). (b) Normalized kinetic traces
without corrections for triplet absorptions of FA and F, (n=2-4).
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Figure S8 Kinetic traces of fluoranthene (FA) with and without 10 mM of fumaronitrile (FN)
show that 3FA” absorbance is 5.5% of initial FA"~ absorbance at 450 nm in THF. The reduction
potentials of FA and FN*® are —1.78 and —1.3 V (vs. SCE), so electrons will transfer from
FA" to FN with a diffusion-limited electron transfer rate (ket), ~1.0x10'° s™%. 3FA” has
absorption at 450 nm with a decay rate (kq), 2.0x10° s72.16 Therefore, decay of the kinetic trace
of FA with FN (green), which is faster than the ki, is due to electron transfer from FA™ to
fumaronitrile. The initial absorbance (t=0) of *FA” is extrapolated from data of FA with FN by
a two-exponential function, Agt exp(—kgrt) + Acexp(—kqt). Here Aer and A: are the
absorbances. Based on this extrapolation and the initial absorbance, we estimate the ratio
between absorbance of FA™~ and 3FA”.

13
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Figure S9 Kinetic traces of F, with and without p-dicyanobenzene (DCNB) show that 3F,"
absorbance is 7.1% of initial F> absorbance at 530 nm in THF. The inset is the absorption
spectrum of 3F," in p-xylene. Based on that the reported reduction potential, E°(M®"), of F, and
DCNB are —2.33% and —1.52 V vs. SCE,*® the electrons will transfer from F>"~ to DCNB with
a diffusion-limited electron transfer rate (ker), ~1.0x10'° s*. Therefore, the only species
absorbing light is 3F2" after electron transfer complete. The initial absorbance (t=0) of 3F." is
extrapolated from data of F> with DCNB by a two-exponential function. Based on this
extrapolation and the initial absorbance of F,, we estimate the absorbance ratio between F>™
and °F2".
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Figure S10 Kinetic traces 20 mM Fz in THF solution at the 570 nm maximum of Fs™ and at
the 650 nm maximum of 3F3". 3F5” shows no decay on this time scale. The inset is the absorption
spectrum of *F3” in p-xylene, from which Aszo/Aeso is 0.21, where Au is the absorbance at
wavelength A. Based on this absorbance ratio, ~3.3% of the initial absorbance at 570 nm is

contributed by °F3".
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Figure S11 Kinetic Trances of F4~ and 3F4" are collected at 580 nm and 710 nm in THF
soulution with [F4]=20 mM. The inset is absorption spectrum of 3F4” in p-xylene, which shows
that Asgo/A710 is 0.17, where A, is the absorbance at wavelength A nm. Based on this
absorbance ratio, we estimate that ~3% of initial absorbance at 580 nm is contributed by 3F4".
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Figure S12 Transient spectra of 2,3-dichloro-5,6-dicyano-p-benzoquinone radical anion
(DDQ™) in THF with [DDQ]=50 mM. At 5 ns DDQ" has a peak at 600 nm that appears to
shift to ~590 nm at 1 ps. This may be due to an impurity reacts with free DDQ™ that may
interfere our obervations to the free ion yield.
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Figure S13 Normalized Kkinetic traces of benzophenone anion (BPhO™) and 4-nitro-p-terphenyl
anion (NTP™) in THF show that geminate decay of NTP* is ~8 ns which is as fast as that of
BPhO™. The concentrations of BPhO and NTP are 50 mM. The kinetic traces of BPhO™ and
NTP"~ are multiplied by 14.7 and 24.6, respectively. From Table S15.1, E°(BPhO% )= —1.926
V vs. SCE, and E°(NTPY)=—1.14 V vs. SCE.
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Figure S14 Kinetic traces of (a) benzophenone (BPhO, 50 mM), (b) 1-methylpyrene (MePy,
50 mM), (c) F3 (20 mM), (d) fluoranthene (FA, 50 mM), with 4-nitro-p-terphenyl (NTP, 1 mM)
in THF, and (e) Absorption spectrum of the NTP radical anion in THF. These kinetics show
that the BPhO, MePy, and FA radical anions transfer to NTP within 200 ns. For F3 anions the
decay takes almost twice as long.
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Figure S15 Plots of the measured proton transfer rate constant (ket) vs. the reduction potential
(E°(M®)) for (a) the C protonated and (b) O and N protonated molecules. The values of the
EO(M%") vs. SCE are in Table S16.1.
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Section S16. Calculations of the Standard Free Energy Change (AG°)

Proton Transfer Reaction. The proton transfer (PT) reaction (Reaction 4a) are separated into
four half-reactions:

M™ (ig) = M (iig) + €7 (gas) (Electron Detachment) (5)
RH (iq) = RHig) + H* (gas) (Solvated Proton Dissociation) (6)
€ (gas) + H' (gas) = H(gas) (Charge Recombination) (7)
M (i) + H'(gas) > MH(iig) (H Atom Addition) (8).

Here M is the solute molecue, RH3 is the solvated proton, RH is THF, and MH" is the product
of the PT reaction. The AGP of the PT reaction is sum of the AG® of Reactions 5-8 (AGY, i=5-
8). The AG® of Reactions 5 and 7 are calculated based on experimental results, and those of
Reactions 6 and 8 are calculated by computation.

We calculated the AG2 by using the reduction potential (E°(M®") vs. SCE) of the solute
molecule measured by the electrochemistry substrating the Fermi level of the reference
electrode. Reported E°(M®") are given in Table S16.1, and the Fermi level of SCE is —4.71
eV.1® The AG? in gas phase is —13.61 eV reported by Wagman and coworkers.?
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Table S16.1 Reduction potentials E°(M®") V vs. SCE, free energies for hydrogen atom
Addition (AGJ), computed standard free cnergy change (AG®) based on the reduction potential
for the proton transfer reaction, and type of protonated atom (PA)

Symbol Name (PA)° EOMO)RET (V) AGY (V)  AG (eV)
F1 F1(C) —2.628 —0.686 ~1.581
F2 F2 (C) —2.333Y —0.705 —1.245
Fs Fs (C) ~2.218 ~0.705 ~1.069
Fa Fs4 (C) —2.165%7 —0.705 -1.027
C1 dibenzofuran (C) —2.504%1f4 -0.769 —-1.540
C2 fluoranthene (C) —1.782%i4 -1.141 -1.188
C3 phenanthrene (C) —2.472%04 -0.831 -1.568
C4 1-methylpyrene (C) —2.08%204 —0.998 -1.345
C5 biphenyl (C) —2.60%204 0574 ~1.442
C6 p-terphenyl (C) —2.3723i4 -0.584 -1.221
c7 terthiophene (C) —2.115%4k -0.528 -0.910
C8 fluorobenzene (C) —3.2072°! —0.506 —1.980
C9 o-terphenyl (C) —2.5523i4 —0.570 -1.318

4-cyano-4’-n-pentyl- —0.656¢ —0.761¢
CN p-terphenyl (N)® ~1.838+0.014° —-0.101¢ —0.206¢
01 p-dinitrobenzene (O) —0.64526m4a -1.361 -0.273
02 benzophenone (O) —1.9262%fa —1.004 -1.197
03 anthraquinone (O) —0.8162%"n4 —1.380 —0.453
04 tetrachloro-p-benzoquinone (O)  0.1427n4d —2.184 -0.311
05 acetophenone (O) —1.962804 —0.779 —1.006
06 aDDQ(O) 0.60827na —2.412 —0.061
o7 4-nitro-p-terphenyl (O) —1.142%p4 -1.313 —-0.720
08 2,3-dicynao-p-benzoquinone (O)  0.3832"n4 —2.454 —-0.338
N tetracynaoethene (N) 0.18%0pa —1.104 0.809

a 2,3-dicynao-5,6-dichloro-p-benzoquinone

b The protonated atom (PA) is the atom for which the MH" created by proton transfer has the
lowest energy based on single point energy computations.

¢ Based on EY(CNTPY)-E°(AQ%)=0.122+14 mV measured by the bimolecular electron
transfer equilibria method and E°(AQ%)=—1.96 V vs. SCE given in Table 3, we estimated the
EO(CNTPY"). Here CNTP and AO are the abbreviations of 4-cyano-4’-n-pentyl-p-terphenyl
and acetophenone.

dProton transfer to the 3 position of the p-terphenyl group gives the lowest single point energy.
¢ Proton transfer to N of the C=N may give more favorable of kinetics.

FEO(M®7) vs. Ag/AgCl (—0.045 V vs. SCE)*! in dimethylformamide (DMF).

footnotes continnuted on the next page.
FEO(M%7) vs. Hg pool (—0.55 V vs. SCE)?? in DMF with tetra-n-butylammonium iodide
(TBAI).
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IEO(M®7) vs. Ag/AgNOs3 in DMF converted to vs. SCE with the differences between biphenyl
(BP) and p-/o-terphenyls from Ref. 2 and E(BP%)=—2.05 V vs. Hg pool.?

KEQ(T5"") vs. Ag/AgCl (—0.045 V vs. SCE)*! was measured in dimethylamine (DMA) with
tetra-n-butylammonium bromide (TBABr). Here Tz is the abbreviation of terthiophene.
Because the dielectric constants of DMA and THF are close, E°(T5%") in these two solvents are
assuming to be close.

'With EO(FBz”")—-E°(Bz°)=0.173 V in THF from Ref. 2° and E°(Bz")=—3.38 V vs. SCE,* the
E%(FBz"") is calculated. Here FBz and Bz are the abbreviations of fluorobenzene and benzene.
m Reported EO(M®") vs. (CoCp2*) in THF with TBAPFs and converted into vs. SCE from
EO(Fc?*)=1.332 V,2® E9(DNB"")=-0.124 V,% E°(AQ")=-0.125 V,% which three are vs.
CoCp2™°, and E°(Fc”*)=0.56 V33 vs. SCE. Here CoCpz, TBAPFg, Fc, DNB, and AQ are the
abbreviations of ccobaltocene, tetra-n-butylammonium hexafluorophosphate, ferrocene, p-
dinitrobenzene, and anthraquinone.

" Reported E°(M%") vs. SCE in DMF with tetra-n-butylammonium tetrafluoroborate.

° Reported E9(M?") vs. SCE in DMF with TBAI.

P Reported E9(M") vs. SCE in DMF with tetra-n-butylammonium perchlorate.

9EO(M®7) in THF may be ~0.11-0.15 V more negative than E(M°") in DMF .26 33
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Method Selection. Restricted-open MP2 (ROMP2) was selected to calculate the AG® of
Reactions 6 and 8. For benzene, an experimental value of AG® of Reaction 8 in gas phase from
falsh photolysis is —0.67 eV.3* We are not aware of reports of the AG® of reaction 8 for other
molecules. Therefore, we used benzene as a reference to selecte the computation method.
Computation results from ROMP2, HF, B3LYP, and long-range corrected ®B97x (»=0.3
Bohr 1) with 6-31G(d) basis set, and G3 are in Table S15.2. From this table, ROMP2 gave the
best agreement with the experiment is different by 0.17 eV. To overcome difficulty in
optimizing geometry by ROMP2 (In Gaussian 09 D.1, ROMP2 is only capable of optimizing
amolecule with less than 60 internal coordinates), a compromise is that the geometry optimized
by B3LYP then the single point energy computed by ROMP2.

Table S16.2 Experimental and Calculated AG of Reaction 8 for Benzene in Gas Phase.
method Exp. abROMP2  2B3LYP aHF G3 aCpBITx
benzene -0.67 eV3* -0.499eV -1.222eV -1.318eV -1.009eV -1.256 eV

aBasis set is 6-31G(d).

bRestricted-open MP2 (ROMP2) with geometry optimized by B3LYP.

°Long-range corrected ®B97x with ®=0.3 Bohr !

Solvated Proton Dissociation. The AG? of Reaction 6 was calculated by ROMP2 with the
following procedures. Geometry of the solvated proton was optimized by B3LYP with the
PCM solvation model in THF and corrections for the basis set superposition error (BSSE).
Because the solvated proton is a weakly bound molecular complex, its computed geometry
may be affected by BSSE leading to an artificial shortening of intermolecular distance. With
this optimized geometry, the single point energy (SPE) was calculated by MP2, and the
solvation energy is difference of the SPE calculated by B3LYP with and without the PCM
solvation model in THF.

The solvated proton complex may contain one’, two or more THF molecules. For most PT
reactions, the complex where one proton stabilized by two THF molecules makes most PT
reactions endoergic in disagreement with our observations that show occurrence of the PT
reactions. While this disagreement may be related to errors in the calculated quantities, we
utilize calculated AGg® =10.643 eV for the complex in which one THF molecule stabilizes the
proton. Possible structures of solvated proton complexes where the proton is stabilized by one
and two THF molecules are shown in Figure S15.1.

(b}x‘;\ 2
530

9

(a)

Figure S16.1 The solvated proton where the proton stabilized by (a) one and (b) two THF
molecules.
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Hydrogen Atom Addition. AGs® was calculated by the following processes. Geometries and
solvation energies of neutral and protonated molecules were optimized by B3LYP with the
PCM solvation model in THF. Single point energies were then computed by restricted open
MP2 in gas phase. The calculation results for the molecules studied here are given in Table
S15.3. Details of estimating uncertainty for the calculated AGg® are the following paragraphs.

In water, the proton transfer reaction (reaction 4a) will be
M + H30" — MH" + H,0 (S16.1)

which is in the opposite reaction direction of the acid dissociation reaction of MH" in water.
Here MH" is a neutral radical and M™ is radical anion. Therefore, the standard free energy
change (AGP®) of Reaction S16.1 can be estimated based on the pK, in water. Again, we
sepearated reaction S16.1 into four half-reactions as reactions 5-8, but the reaction 6 is replaced

by
H30"(1igy — H20iig) + H(gas) (516.2)

AGP of reaction S16.1 is estimated by the reduction potentials E°(M®") minus the Fermi energy
on the reference electrode in liquid state, —4.71 eV ° for SCE. The proton affinity of water is
7.229 eV reported by Collyer and McMahon,*® and the solvation energies of HsO* and H20 in
water are —4.490 and —0.274 V. Based on these values, AG® of reaction S15.2 is 11.445 eV.

Based on the reported pKa and E9(M?"), AG® of reaction 8 (AGs?) can be estimated by:
AGY = kpTIn(107PKa) — [E®(M®/7) 4+ 4.71] — 11.445 + 13.61eV  (S16.3),

where kg is the Boltzmann constant, and T is temperature. Based on the pKa’s and E°(M®")
given in Table S15.3, by Equation S4.3, the AGg® of AQ, AO, and BPhO in water can be
calculated. The AGs® of AQ, AO, and BPhO in water based on the experimental results and
computations are in Table 16.3; Figure 16.1 shows a plot of the relative position of the AGs® in
water for these molecules. This plot shows that the experimental and calculated AGs®
differences from one molecule to another molecule are within 200 meV, but the computed
values are more positive than the experimental values by an average of +0.9 eV.

Table 16.3 The pKa’s, reduction potential E°(M"), Experimental, and Computed AGg® in
Water.

Name pKRe | EO(MO)Refys, SCE |  experimental calculated
benzophenone | 9.25% —1.184 V3738 —1.906 eV -1.002 eV
acetophenone 9.9% —1.474 V3730 —1.655 eV —-0.782 eV
anthraquinone 5.3% -0.45 V40 —2.407 eV -1.402 eV
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Figure S16.2 A plot of the calculated and experimental standard free energy changes of
Reaction 8 in water for anthraquinone (AQ), acetophenone (AQO), and benzophenone (BPhO).
Electron Transfer Reaction. We also separated the electron transfer reaction (Reaction

4b) into two half-reactions:
Mgy = Mauigy + €(gas) ®)

—_ + .
€(gas) T RHz (igy = H(gas) + RHqig)
(S16.4)

The AGP of the electron transfer reaction is the sum of the AG® of reactions 5 and S16.4; the
calculation results are in Table 16.4. Again, the AGs® is estimated based on the reduction
potentials give in Table 3. The AG? of reaction S16.4 was computed by MP2/6-31G(d) with the
geometry optimized by B3LYP/6-31G(d) in the PCM solvation model for THF and corrections
for the BSSE. The AG® of reaction S16.4 are —1.674 and —2.970 eV for the solvated proton
stabilized by one and two THF molecules, respectively. The calculation results are given in
Table S15.4. In THF, a possible structure of the solvated proton is that the proton solvated by
two THF, H(THF),. Based on the calculation results for H*(THF), the electron transfer
reaction (Reaction 4b) may be endoergic. This result implies that annihilation of anions in THF
is possibly due to the proton transfer reaction (Reaction 4a).

Table S16.4 The computed standard free energy change (AG®) from MP2/6-31G(d)//B3LYP/6-
31G(d)/PCM based on the reduction potential for the electron transfer reaction (Reaction 4b)
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if the proton solvated by one or two THF molecules.

1 THF 2 THF
Name 5 0
AG® (eV) | AG”(eV)

F1 —0.898 0.398

F2 —0.543 0.753

Fs —0.367 0.929

Fa —0.325 0.971
dibenzofuran -0.774 0.522
fluoranthene —0.050 1.246
phenanthrene —-0.740 0.556
1-methylpyrene —0.350 0.946
biphenyl —0.870 0.426
p-terphenyl —0.640 0.656
terthiophene —0.385 0.911
fluorobenzene -1.477 —0.181
o-terphenyl —-0.820 0.476
4-cyano-4’-n-pentyl-p-terphenyl —-0.108 1.188
p-dinitrobenzene 1.085 2.381
benzophenone —0.196 1.100
anthraquinone 0.924 2.220
tetrachloro-p-benzoquinone 1.870 3.166
acetophenone —-0.230 1.066
2,3-dichloro-5,6-dicyano-p-benzoquinone 2.348 3.644
4-nitro-p-terphenyl 0.590 1.886
2,3-dicynao-p-benzoquinone 2.123 3.419
tetracynaoethene 1.910 3.206
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Figure S17 Absorption spectra from the pulse radiolysis of a) 50 mM tetrachloro-p-
benzoquinone (ClsBQ). The absorbance of the Cl:BQH' radical grows in as ClsBQ anions
(peaking about 420 nm) decay. This peak can not be observed at the high concentration of
ClsBQ. b) (e) 1 mM ClsBQ +130 mM maleic anhydride (MA) and (e) 50 mM CI4sBQ in
THF, both at 1.8 s after the electron pulse. The concentration of Cl4BQ anions should be
almost identical in the two spectra, but in 50 mM Cl4BQ geminate electrons captured by ClsBQ
recombine with solvated protons to create Cl4BQH" radicals yielding the broad, weak
absorption band peaking ~720 nm that grows in with a time constant of ~10 ns. The presence
of a low energy transition is predicted by DFT (see below). The large, 130 mM, concentration
of MA captures most electrons from pulse radiolysis in <<1 ns and then the electrons transfer
to Cl4sBQ. Most geminate recombination occurs between MA™ and solvated protons. The
longer-lived free MA™ transfer their electrons to ClsBQ. Therefore the blue spectrum in (e)
shows only Cl.BQ™ absorption with almost no absorption band at 700 nm.

TD-DFT(CL:BQH") results in THF using B3LYP/6-31g(d):

Excited State 1: 2.065-A  1.7117 eV 724.34 nm f=0.0000 <S**2>=0.816
Excited State 2: 2.032-A  2.0289 eV 611.09 nm f=0.0049 <S**2>=0.782
Excited State 3: 2.078-A  3.0133 eV 411.45 nm f=0.0579 <S**2>=0.829
Excited State 4: 2.035-A  3.7141eV 333.82 nm f=0.1263 <S**2>=0.786

Energies of transitions in this calculation may have limited accuracy due to spin contamination.
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Figure S18 Transient spectra of tetracyanoethylene radical anion (TCNE™) in THF, where the
primary ion pairs (TCNE"+RH>") at varied distances are expected to recombine to form
(TCNE™,RH2") contact ion pairs (CIP), TCNE"||RH2" solvent separated ion pairs (SSIP) and
separate TCNE+RH:" (free ions). TCNE" was produced by the pulse radiolysis in THF with
50 mM of TCNE. No decay of TCNE™ is observed only growth (k1=3.87x10% s%; kgi=7.7x10°
M-1st) as TCNE captures solvated electrons. There is no detectable difference of the spectra
with time, indicating that the absorption spectra primary ion pairs, CIP, SSIP and free ions may
be identical. According to kinetic traces of BPhO*™", most primary ion pairs become CIP, SSIP
and free ions in THF after ~8 ns
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Figure S19. Plots of 1+(Dt/r2) *® (blue) for Dur.2 < 32 compared to a three-exponential function
(red), 1+4.70 exp(—4.56x10%t)+1.01 exp(—3.16x107t)+0.23 exp(—1.35x10%) in THF show a
good agreement. The 1+(Dt/r2)°® is an empirical function reported by Van de Ende,* which
can well describe the geminate ion recombination in CCls. Here D is the mutual diffusion
coefficient between the anion and cation, r.=7.3 nm is the Onsager radius. We estimate the
mutual diffusion coefficient with the self-diffusion coefficient of THF (3.0x10° cm?/s)? and
diffusion coefficient of benzophenone (1.65x107° cm?/s).2
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Figure S20. Decay of transient absorption from 200 mM of benzophenone in THF compared
with the function of Van den Ende and coworkers® (eq. 9), W(t)=(1+0.6 1) and t=Dt/r2. The
solid red line is geminate decay according to eq. 9 plus a homogeneously decaying fraction
described by a single exponential, An exp(—knt) fit to the data; D=4.6x10"° cm?/s, r.=7.6 nm,
kn=5.31x10°s %, and An=0.01. The dashed red line is the homogeneous fraction only. The arrow
at t=600 ps is the time after which eq 9 was found to be applicable in CCls. The data at earlier
times depart substantially, but substantial differences remain also a longer times.
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Figure S21. Kinetic traces of benzopheone (BPhO), p-dinitrobenzene (DNB), 2-ethyl-9,10-
anthraquinone (EtAQ), 4-nitro-p-terphenyl (NTP), 2,3-dichloro-5,6-dicyano-p-benzoquinone,
(DDQ), 4-cyano-4’-n-pentyl-p-terphenyl (CNTP), and acetophenone (APhQO) show nearly
identical geminate decay.
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Figure S22 Plots of the measured proton transfer rate (ker) vs. the estimated standard free
energy change (AGP) for the proton transfer reaction for (a) C protonated, and (b) N and O
protonated molecules. kvpt for the N and O protonated molecules are all lower limits, except
for TCNE, which is an upper limit. The lower arror means that no occurrence of the proton
transfer.
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