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Supplementary Note 1
Materials, Synthesis and Characterization

Synthesis of the estrone derivative 1:

HO O CH3l/K,COg HsCO (o]
e

(1a) (1b)

CN
—

(1b) (1)

3-Methoxy- 1,3,5 (10)-estratrien-17-one (1b): IR (KBr) 3448, 2971, 2948, 2914, 1737,
1610, 1502, 1454, 1316, 1286, 1245, 1036, 846, 824 cm™*; 'H NMR (400 MHz, CDCIs) 6 0.84 (s,
3H), 1.34 — 1.58 (m, 6H), 1.86 — 2.12 (m, 4H), 2.15 — 2.21 (m, 1H), 2.30 — 2.35 (m, 1H), 2.43 (dd,
1H, J =8.4 Hz, J = 18.8 Hz), 2.80 — 2.85 (m, 2H), 3.71 (s, 3H), 6.58 (d, 1H, J = 2.8 Hz), 6.65 (dd,
1H, J = 2.8 Hz, J = 8.4 Hz), 7.13 (d, 1H, J = 8.4 Hz); *3C NMR (100 MHz, CDCI3) § 13.9, 21.6,
25.9, 26.6, 29.9, 31.6, 35.9, 38.4, 44.0, 48.0, 50.4, 55.2, 111.6, 113.9, 126.4, 132.0, 137.8, 157.6,
220.9; TOF MS (El+) m/z: Calculated for C19H2402 [M+] 284.18, found [M+] 284.18.

3-Methoxy-1,3,5 (10)-estratrien-17-yliden)malononitrile (1): IR (KBr) 3433, 2948, 2926,
2874, 2837, 2233, 1606, 1573, 1495, 1454, 1282, 1252, 1036, 887 cm™; 'H NMR (400 MHz,
CDCl3) 0 1.07 (s, 3H), 1.46 —-1.62 (m, 5H), 1.71-1.78 (m, 1H), 1.93 —2.05 (m, 2H), 2.26 — 2.31 (m,
1H), 2.48 (m, 1H), 2.46-2.50 (m, 1H), 2.68-2.71 (m, 1H), 2.75 — 3.02 (m, 4H), 3.78 (s, 3H), 6.65 (s,
1H), 6.74 (dd, 1H, J = 2.8 Hz, J = 8.8 Hz), 7.19 (d, 1H, J = 8.8 Hz); *C NMR (100 MHz, CDCls3) §
16.6, 23.3, 26.3, 27.4, 29.5, 33.9, 34.7, 38.2,43.2,49.4,54.1, 55.2, 79.7, 111.2, 111.7, 112.3, 113.9,
126.3, 131.3, 137.5, 157.8, 196.1; TOF MS (El+) m/z: Calculated for C2H2N20 [M+] 332.44,
found 332.19. Anal. Calcd. for C22H24N20: C, 79.48; H, 7.28; N, 8.43. Found: C, 79.08; H, 7.15;
N, 8.31.

Synthesis of the estrone derivative 2:
Cl
CL
Ho %o 8  ro %O
—_—
(1a) (2b)
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3-[1,2-Benzisothiazole-1,1-dioxide]-1,3,5 (10)-estratrien-17-one (2b): IR (KBr) 3459, 3101,
2930, 2866, 1737, 1621, 1558, 1491, 1387, 1338, 1312, 1178, 1155, 1051, 898, 772 cm™; 'H NMR
(400 MHz, CDCls) 6 0.93 (s, 3H), 1.43 — 1.70 (m, 6H), 1.97 — 2.20 (m, 4H), 2.29 - 2.36 (m, 1H),
2.41 — 2.46 (m, 1H), 2.52 (dd, 1H, J = 8.6 Hz, J = 19.0 Hz), 2.94 — 2.98 (m, 2H), 7.09 — 7.13 (m,
2H), 7.37 - 7.31 (d, 1H, J = 8.4 Hz), 7.81 (dddd, 2H, J =12 Hz, J =7.6 Hz, J = 14.8 Hz, J = 16
Hz), 7.87 (d, 1H, J = 7.2 Hz); ¥C NMR (100 MHz, CDCls) & 13.8, 21.6, 25.7, 26.5, 29.5, 31.5,
35.9, 37.9, 44.2, 47.9, 50.4, 117.8, 120.6, 122.1, 123.6, 126,8, 126.9, 133.6, 134.4, 138.7, 139.0,
143.7, 149.9, 169.0, 220.6; TOF MS (El+) m/z: Calculated for CosH2sNO4S [M+] 435.15 found
435.15.

1,3,5 (10)-Estratrien-17-one (2c): IR (KBr) 3448, 2960, 2933, 2874, 1733, 1487, 1454,
1085, 1051, 1006, 753 cm™; *H NMR (400 MHz, CDCls) § 0.92 (s, 3H), 1.41 — 1.68 (m, 6H), 1.96
—2.20 (m, 4H), 2.30-2.36 (m, 1H), 2.42 — 2.47 (m, 1H), 2.52 (dd, 1H, J = 8.8 Hz, J = 18.8 Hz),
2.92-2.95 (m, 2H), 7.10 — 7.19 (m, 3H), 7.30 — 7.31 (m, 1H); *C NMR (100 MHz, CDCls) § 13.9,
21.6, 25.7, 26.5, 29.4, 31.6, 35.9, 38.1, 44.5, 48.0, 50.6, 125.3, 125.8, 125.8, 129.1, 136.5, 139.7,
220.9; TOF MS (El+) m/z: Calculated for C1gH220 [M+] 254.17 found 254.17.

1,3,5 (10)-Estratrien-17-yliden)malononitrile (2): IR (KBr) 3433, 2952, 2933, 2863, 1599,
1491, 1454, 1379, 746 cm™; 'H NMR (400 MHz, CDCls) § 1.08 (s, 3H), 1.43 — 1.54 (m, 2H), 1.59-
1.70 (m, 3H), 1.76 (td, 1H, J =4,0 Hz , J = 12.8 Hz ), 1.94 — 2.07 (m, 2H), 2.33 — 2.38 (M, 1H),
2.49-2.55 (m, 1H), 2.69-2.73 (m, 1H), 2.75 — 2.84 (m, 1H), 2.91 — 3.02 (m, 3H), 7.07 — 7.11 (m,
1H), 7.13 — 7.19 (m, 2H), 7.28 — 7.30 (m, 1H); C NMR (100 MHz, CDCIs) § 16.6, 23.3, 26.1,
27.4,29.2, 34.0, 34.7, 38.0, 43.7, 49.4, 54.3, 79.7, 111.2, 112.3, 125.2, 125.9, 126.1, 129.1, 136.2,
138.9, 196.0; TOF MS (El+) m/z: Calculated for Co1H22N2 [M+] 302.18 found 302.18. Anal.
Calcd. for Co1H22N2: C, 83.40; H, 7.33; N, 9.26. Found: C, 83.02; H, 7.38; N, 8.79.

Nuclear magnetic resonance (NMR) spectra were recorded with Bruker Avance 111 400 MHz
spectrometer. Chemical shifts are reported in & ppm using tetramethylsilane as standard in the case
of *H NMR and chloroform-d (5 77.00) for **C NMR. *H NMR (400 MHz, CDCls) and *C NMR
(100 MHz, CDClzs) spectra of compounds are presented in Figures S1-S5. The multiplicities were
described by the use of: s (singlet), d (doublet), t (triplet), m (multiplet) and br (broad). Mass
spectra were recorded on a VG Autospect M mass spectrometer. Elemental analysis was recorded
on Fisons EA 1108-HNSO equipment.

NMR spectra are presented in Supplementary Figures 1-5.
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Supplementary Figure 1. *H NMR (400 MHz, CDCls) and **C NMR (100 MHz, CDClIs) spectra

of compound 1b.
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Supplementary Figure 2. *H NMR (400 MHz, CDCls) and **C NMR (100 MHz, CDCls) spectra

of compound 1.
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Supplementary Figure 3. *H NMR (400 MHz, CDCl3) and **C NMR (100 MHz, CDClIs) spectra

of compound 2b.
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Supplementary Figure 4. *H NMR (400 MHz, CDCls) and **C NMR (100 MHz, CDClIs) spectra

of compound 2c.
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Supplementary Figure 5. *H NMR (400 MHz, CDCl3) and **C NMR (100 MHz, CDClIs) spectra

of compound 2.



Supplementary Note 2
Conformational searches and DFT calculations
The center-to center distance, r.= 7.8 A, was calculated from the center of the aromatic ring to
the carbon atom bonded to the two CN groups. The edge-to-edge distance was calculated from the

carbon atom #4 to the carbon atom #37.

Supplementary Table 1. Bond lengths (in A) of benzene and dicyanoethylene moieties relevant for
change recombinations, calculated by GAMESS.

42

44
1 11 111 AQi (11_11:&) 311
C1-Co6 1.397883 1.417314 1.424782 -0.007468 1.397757
C5-Co 1.395658 1.422312 1.371685 0.050627 1.395710
C4-C5 1.399599 1.427305 1.429468 -0.002163 1.399699
C3-C4 1.413296 1.434967 1.442546 -0.007579 1.413604
C2-C3 1.394814 1.430565 1.375748 0.054817 1.394854
Cl1-C2 1.398082 1.419243 1.424036 -0.004793 1.397896
C4-C8 1.530642 1.516146 1.509732 0.006414 1.530923
C1-045 1.366250 1.354455 1.320886 0.033569 1.366577
C43-N44 1.163462 1.163493 1.173919 -0.010426 1.171711
C38-C41 1.434893 1.434876 1.410905 0.023971 1.410602
C37=C38 1.360551 1.360625 1.432384 -0.071759 1.469038
C38-C43 1.436525 1.436491 1.413223 0.023268 1.410135
C41-N42 1.163464 1.163475 1.175541 -0.012066 1.171791




Supplementary Note 3

Experimental procedures

Absorption and fluorescence spectra were recorded on Shimadzu UV-2100 and Horiba-Jobin-lvon
SPEX Fluorog 3—22 spectrometers, respectively. All the fluorescence spectra were corrected for the
wavelength response of the system. The fluorescence quantum yields were measured using phenol
(Pr=0.14) as referencel. Phosphorescence was measured in dichloromethane:methanol (1:1, v:v) at
77 K. Charge separation (CS) and charge recombination (CR) rates were measured in the following
weakly polar solvents: di-n-butyl ether (NBE), di-isopropyl ether (IPE), ethyl acetate (EAC),
chloroform (CHF) and dichloromethane (DCM). Figures S6 presents the absorption and emission of
1 and the absorption of dMA in the presence of iPN. Figure S7 presents the absorption and emission
of 2 and the absorption of 0XY in the presence of iPN. The corresponding Lippert-Mataga plots of
1 and 2 are presented in Fig. S8. Figure S9 shows the thermochromism of the fluorescence of 1 and

2.

Abs (normalized)

260

28

30

A (nm)
Supplementary Figure 6. Left: Absorption spectra 1 compared with the sum spectra of 3,4-
dimethylanisole + isopropylidenemalononitrile (0.1 mM each) in isopropyl ether. Right:
Fluorescence spectra of 1 in the solvents indicated in the plot.
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Supplementary Figure 8. Lippert-Mataga plot for 1 using fluorescence intensity maxima in NBE,

IPE, CHF, EAC and DCM, and for 2 using fluorescence intensity maxima in NBE, CHF, EAC,
DCM.
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Supplementary Figure 9. Fluorescence spectra at various temperatures. Left) 1 in IPE in various
temperatures (Aex=287 nm), after subtraction of the Raman band. Right) 2 in DCM (Akex=273 nm).
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Supplementary Note 4
Reaction energy calculations

Donor-acceptor systems can be described as a mixture of pure locally excited (LE), pure
charge separated and pure ground states
Y=, Y [ AD" [+ e Y o 47D [+ ey Y o5 [4D] (4.1)

The fluorescence from the LE state initially prepared by electronic absorption can be
observed when its radiative rate is competitive with the charge separation rate. The charge-transfer
(CT) emission can be observed when the contribution of W.e is not negligible. The emission band
of charge-separated states produced by photoinduced ET depends on the polarity of the solvents and
this dependence can be described by the Lippert-Mataga equation?3
_ _ 2 u° 1
Vem Vem (O) hC ,03 |:f (8) 2 f(nD ):| (42)
where p is the dipole moment of the fluorescent state and p the effective radius of the solvent cavity
in which the ion pair fits, f(&) = (¢ -1)/(2¢ +1) is a function of the dielectric constant and f(np) =
(n?o —1)/(2n%p +1) a function of the refractive index. When this cavity is ellipsoidal, the value of p
is taken as 40% of the long axis of the cavity in which the molecule fits*. The observation of LE and
CT emission together with the solvent dependence of the CT emission corresponding to the dipole
moment of a full charge separation across the D—A distance, is a signature of photoinduced ET.

The free-energy of the charge-separated species relative to the neutral ground-state reactants,
which is the negative of the free-energy for thermal charge recombination (AG%r = ~AG%r), was
calculated with the Weller expression®®

21 11 1
DGO :on _Ered _e__e_ 4+ [___j 43
R 1t i (4.3)

where Ep™ and EA™ are the electrochemical oxidation and reduction potentials of D and A as
measured in acetonitrile (static dielectric constant ¢ = 37), rc denotes the center-to-center charge
separation distance, and r+ and r_are the average ionic radius of the created D™ and A~ species,
respectively. The free-energy for the photoinduced charge separation is AG%cs= AG%t — E”, where
E” is the energy of the electronically excited state from which the electron transfer occurs®.

Supplementary Table 2. Parameters used to calculate dielectric constants employed in this study,
from the dependence & = aT? +bT +c, together with the temperature range for which equation can
be used’.

Solvent € (293K) a b c T (K)
Di-n-butyl ether 3.1 5.462-107 -4.058-1072 1.030-10" 188-313.8
Isopropyl ether* 4.19 7.480-10 -4.828-10°! 8.144-10' 298.2-323.2
Chloroform 4.81 5.680-107 -5.183-1072 1.512-10" 218.2-323.2
Ethyl acetate 6.08 5.369-107 -5.099-107 1.641-10" 195.2-333.3
Dichloromethane 9.00 2.426-10 -1.781-10! 4.036-10" 184.1-306
Acetonitrile 37.03 3.908-10™ -4.028-10°! 1.215-10" 229.2-333.2

*Value extrapolated



Supplementary Table 3. Data employed to calculate the free energy of charge-separated states in 1

and 2.

Parameter 1 2 Comment

Center-to-center 7.8 A 7.8 A This work

distance (rc)

Edge-to-edge  distance 59A 59A This work

(re)

Average ionic radius of 3.5A 33A From molar volumes of anisole and benzene

D+ (I’+)

Average ionic radius of 32A 32A From molar volume of fumaronitrile

A ()

Oxidation potential vs 1.37V 2.09V From anisole (1.76 eV)® plus a -0.39 eV

SCE (EoxP) correction for the difference between
benzene and o-xylene’ as a model for 1.
From o-xylene from ref. ? as a model for 2.

Reduction potential vs —1.69 eV ~-1.69eV  From iPN in ref. 1

SCE (EredD)

Singlet state energy 4.29eV 4.51eV  From this work

(E%)

Triplet state energy 3.46 eV 3.57e¢V ~ From the phosphorescence of 3,4-

(ET)

dimethylanisole, and literature value for o-
xylene from ref. !

13



Supplementary Table 4. Thermodynamic data calculated using information from tables S2 and S3.

System T (K) £ AGcs (kecal/mol)  AG°cr (kcal/mol)
323 2.89 -11.4 -87.3
308 2.98 -12.0 -86.7
303 3.02 -12.2 -86.5
293 3.10 -12.7 -86.0
276 3.26 -13.6 -85.1
I/NBE 258 3.47 -14.6 -84.0
253 3.53 -14.9 -83.7
238 3.74 -15.8 -82.9
203 431 -17.8 -80.8
193 4.50 -18.4 -80.3
1/IPE 293 4.19 -17.5 -81.2
328 423 -17.6 -81.1
323 4.30 -17.8 -80.9
318 4.38 -18.0 -80.6
1/CHF 308 4.54 -18.5 -80.2
293 4.81 -19.2 -79.5
276 5.14 -20.0 -78.7
258 5.53 -20.7 -77.9
253 5.64 -20.9 -77.7
1/EAC 293 6.08 -21.7 -77.0
293 9.00 -24.7 -74.0
276 9.68 -25.1 -73.6
1/DCM 253 10.83 -25.7 -72.9
223 12.71 -26.5 -72.2
188 15.45 -27.3 -71.4
2/NBE 293 3.10 -04 -103.4
308 4.54 -6.5 -97.3
293 4.81 -7.2 -96.6
2/CHF 273 5.20 -8.1 -95.6
238 6.00 -9.6 -94.1
218 6.52 -10.4 -93.3
2/EAC 293 6.08 -9.8 -94.0
293 9.00 -12.9 -90.8
276 9.68 -13.4 -90.3
2/DCM 263 10.3 -13.8 -90.0
243 11.41 -14.3 -89.4
213 13.43 -15.1 -88.6
188 15.45 -15.7 -88.0

14



Supplementary Note 5
Intersystems crossing to the triplet

The observation of the locally-excited (LE) triplet state 31 (or 32) may be accounted by
alternative mechanisms. These mechanisms are briefly discussed below. The complete kinetic
schemes employed to extract micro-constants from the observed decays are presented in
Supplementary Section 6. The actual intersystem crossing mechanism is not critical to obtain the
micro-constants, and the discussion below intends to show that mechanism A contributes with only
0.002 to the triplet quantum yields, and that mechanism B is less likely to occur than mechanisms C
and D in our systems.

A. Direct intersystem crossing

11 kQS 111

kg, (5.1)
°1
According to this mechanism, direct intersystem crossing (isc) from the LE singlet to the LE

triplet, both located in the benzene ring, occurs in the chromophore model of 1 (or 2). The 3 ns
singlet lifetime of the chromophore not covalently linked to the electron acceptor, together with the
triplet quantum yield of anisole, 0.64, allow us to calculate the intersystems crossing rate of 2x108
st in the chromophore. In molecule 1, where the chromophore is linked to the electron acceptor, the
decay constant of 11 is 10! s, Hence, the contribution to the triplet quantum yield by direct isc is
0.002. The triplet quantum yield measured for 1 in NBE is 0.14. Direct isc cannot account for the
triplet quantum yield observed. Moreover, this mechanism should lead to LE triplets independently
of the energy of the charge transfer state *1* (or 12*), but for 1 in DCM, where the energy of the LE
triplet is above that of 11*, we found no evidence for the formation of 31. Our results are entirely
consistent with those of Lim et al.!! that established that the formation of LE triplet states in
electron donor-acceptor complexes is only efficient when the LE triplet of a chromophore (donor or
acceptor) lies below the CT transfer singlet state. Hence, the contribution of direct isc from the LE
singlet to the LE triplet is small (=0.002).

B. Intersystems crossing from the singlet charge-separated state to the locally-excited
triplet

11 kes 19 Kep $31 (5.2)

Rapid intersystem crossing from the singlet CS state may take place via a spin-orbit coupling
to produce the LE triplet state directly by charge recombination if the symmetry axes of donor and
acceptor orbitals are nearly perpendicular to each other. This mechanism was originally proposed
by Okada et al.'? to explain the sub-nanosecond generation of LE triplet states in flexible
intramolecular exciplexes. It was also used to explain the observation of LE triplets in donor-
acceptor molecules where the donor and acceptor orbitals are restricted to be nearly perpendicular,
as the m-electron transfer generates the necessary torque to flip the electron spint31°,

The donor orbital of 11* is located in the dicyanoethene and the acceptor orbital is located in
the benzene ring. As shown in the scheme below, these axes are not perpendicular and spin-orbit
coupling is not expected to operate efficiently in this case. Moreover, this should lead to mono-
exponential decays of *1* when the energy of 31 is above that of 11* (which are observed) and also
when the energy of 31 is much lower than that of 11* (which are not observed). The energies of 12*
in the various solvents are always much higher than those of 32, but the decays of '2* are bi-
exponential, which further argues against rapid intersystem crossing from 11* to 21 (or 2* to 32).
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C. Hyperfine coupling of singlet and triplet charge-separated states

%
CELAENTE p— e ken 43 (5.3)

1sc

In this mechanism, fast intersystem crossing between 1* and 21*, followed by triplet charge
recombination to the LE triplet, is triggered by electron-nuclear hyperfine coupling.

Hyperfine coupling is known to bring the electron spins to a triplet alignment with a rate
constant kisc=10® s in solvent-separated ion pairs, where center-to-center distance between donor
and acceptor is rc~ 7 A 8, which is similar to the distance found in 1: rc= 7.8 A. This interaction
mechanism is plausible on the basis of rc. However, it is also known that the hyperfine interaction
can only couple the singlet and triplet states effectively when the value of the hyperfine interaction,
calculated for each radical i from

B Z[Zai]k (1, +1)T2 (5.4)

where aix are the hyperfine coupling constants in radical i and Ik are the nuclear spins, is comparable
to the singlet—triplet energy splitting AEsr. Organic radical ions typically have Bi ~ 1 mT 1718,
Paddon-Row and Shephard®® studied singlet-triplet energy gaps between charge-separated states in
a series of aromatic (donor) — rigid bridge — dicyanovinyl (acceptor) as a function of the number of
single CC bonds in the bridge. TD-DFT with the B3P86 basis set gave singlet-triplet energy gaps of
1.3 and 0.26 cm! for bridges with 10 and 12 CC bonds, respectively, for which the following
experimental values are available: 2.1 and 0.46 cm™. The same calculations predict AEst ~ 97.2
cm~t = 300 cal/mol = 100 T for a bridge with 5 CC bonds, which is the case of molecules 1 and 2 in
our work. Hyperfine coupling is not plausible on the basis of such a relatively large AEst. However,
this singlet-triplet energy gap (the triplet state is more stable than the singlet state) was calculated as
the difference between overestimated energies of singlet and triplet CT states and may be subject to
some error.

The kinetic data analysis in Section 6 is based on rate constants and, consequently, on free
energies. Taking the degeneracy of the three triplet states in consideration, and assuming that
hyperfine coupling is identical for all of them, the singlet-triplet exchange can be written

k,
lli —hL 311 (55)

k

% hfc

and AGst® = —AEst—RT In(3). Under these assumptions, AEst = 0 would yield AG® = —0.6 kcal/mol
at T = 293 K. The value employed in Section 6 was AG® = —0.3 kcal/mol and the rate constants
reported are ‘kisc and 3kisc. If the hyperfine coupling mechanism dominates isc (i.e. AEst = 0), 3kisc =
0.6 Knfc.
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In summary, the value of AEst is not known with sufficient accuracy to preclude hyperfine
coupling from contributing to fast isc between 11* and 31* and it is of the size of statistical
corrections on the rates and on AGP. Hence, we cannot exclude hyperfine coupling from
contributing to isc in the CT states.

D. Spin-orbit coupling of singlet and triplet charge-separated states

R AN FECWER
11— 71 . ' —@® 571 (5.6)

Spin-orbit coupling is not usually operative between singlet and triplet CT states because the
orbitals involved in both states are the same and the matrix element vanishes, <!CT|Hsoc[?CT>=0 .
However, the 82° rotation of the donor orbital from the singlet to the triplet CT state, which brings
the donor and acceptor orbitals to nearly perpendicular orientations, may provide a change in orbital
angular momentum that generates the necessary torque to flip the electron spin.

Significant matrix elements of spin-orbit coupling between !CT and *CT states can occur and
enhance isc when it is concurrent with a spatial change in the orbital and/or in the presence of o-n
overlap!!. Both cases are enabled by the rotation of the dicyanoethene moiety in 11*—31* (or 12*—
32+) as shown in the scheme below. Hence, spin-orbit coupling may accelerate the interconversion
between 'CT and 3CT, and open a channel to the LE triplet state when it is energetically accessible
from the CT states.

TOP VIEW

@ SOMO-1 @ SOMO-1

SIDE VIEW
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Supplementary Note 6
Analysis of transient absorption and single-photon counting data
The solution of the modified Birks mechanism presented in Eq. (5C) the main text:

et ferbi forbi et

Eai (6.1)
3
d dct:T-zlkisc Lotk PeT PR [2CT]
is equivalent to that of the Birks mechanism?®
1
ler =aye ™™ +a,e7 = —[ CT]O {(ﬂvz — kx)e’j1t +(kx _,ql)e%zt}
/};_[ﬂfﬂ] (6.2)
IECT = aZle_ﬂ’lt + azze_lzt = ﬁ(e_ﬂ’lt _ e—lzt)
where
1
Al - El:(kx + ky )_ \/(kx - ky )2 +4lkisc3kis°i|
1 (6.3)
2
/12 - E[(kx + ky )+ \/(kx - ky) +Ll'lkiscskisc:|
with
k =k +k
X \ isc \ CR (64)
ky: kisc+ kCR
and
2, =k k k. K
ﬂ'l 2 Xy isc "Nisc (65)
A4+, =k, +k,
Only the emission from !CT is observed. Hence, we can use the relation
a, 4, —KkK
a, k4 (6.6)
a12 kx - A‘l
to obtain
(o /At 6)
" 1+ a11/a12
Hence,
yoo—an/ap b+l
isc . kCR
1+a,/a,
k(h+1-k)- 11
3km: - ( 1 ik' ) 192 68)

Isc

3kCR = Il + Iz _kx - skisc

The original Birks mechanism applied to excimer kinetics can be easily solved because the
quenching of the monomer is a bimolecular process that can be neglected at very high dilutions to
obtain its decay rate (corresponding to kcr in our mechanism). This is not the case in
intramolecular systems 1 and 2. In order to solve the equations above, we need to assume an
additional relation. The intersystem crossing in the CT species can only compete with the decays of
the CT species if their energies are similar, i.e., if AEst=0. We solved the equations above using
AGst = -0.3 kcal/mol and assumed this free-energy difference to be independent of the temperature.
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Supplementary Figure 10. Top. Transient difference absorption spectra of 3,4-dimethylanisole in
isopropyl ether in short and long time scales, either in the absence (A, B) and presence of 0.1 M
isopropylidenemalononitrile (D, E). Evolution associated spectra in the absence (C) and presence

(F) of acceptor are presented.
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Supplementary Table 5. Lifetimes of 1 obtained by femtosecond transient absorption, from target
analysis.

Solvent T (K) TCs T1 T2
323 8.23 ps 0.93 ns 5.41 ns
308 6.62 ps 0.70 ns 8.09 ns
NBE 293 8.42 ps 1.76 ns 10.26 ns
276 8.40 ps 1.21 ns 14.29 ns
253 7.85 ps 0.52 ns 17. 87 ns
IPE 293 8.70 ps 1.40 ns 9.43 ns
323 3.97 ps - 10.2 ns
293 6.60 ps - 14.68 ns
CHF*
276 6.83 ps - 13.81 ns
253 7.96 ps - 13.26 ns
EAC 293 8.23 ps - 10.15 ns
293 4.06 ps - 13.82 ns
276 3.95 ps - 11.58 ns
DCM 253 4.34 ps - 9.53 ns
223 4.07 ps - 9.45 ns
188 5.01 ps - 5.65 ns

*An additional decay lifetime would improve the fitting but with the spectrum unrelated to all other
spectra observed in this work. Solvent purity significantly changes the contribution of this
additional lifetime to the fitting. We consider that additional lifetime is probably related to an

impurity and ignored it in the treatment of the data.
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Supplementary Table 6. Lifetimes of 2 obtained by femtosecond transient absorption, from target

analysis.

Solvent T (K) TCs T1 T2 Ttail
NBE 293 46.23 ps — 0.22 ns 6.47 ns
CHF 293 12.09 ps — 1.0 ns 13.53 ns
EAC 293 39.15 ps 0.45 ns 4.90 ns

DCM 293 9.31 ps 0.20 ns 6.96 ns
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Supplementary Figure 11. Single-photon counting of charge transfer emission of 1 in different

solvents and different temperatures.
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Supplementary Figure 12. Single-photon counting of charge transfer emission of 2 in different
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Supplementary Table 7. Charge recombination lifetimes of '1* obtained by SPC in various

solvents, measured close to the maximum of the fluorescence emission.

Solvent T (K) Aem (NM) T1/ a1 T2/ a2
323 390 0.8ns/21% 4.3 ns/ 79%
308 395 1.3 ns/24% 6.5ns/76%
303 395 1.0 ns / 38% 10.0 ns / 62%
293 400 1.9 ns /29% 9.0ns/71%
276 410 29ns/25% 11.4ns/75%
NBE
258 420 3.7ns/16% 13.1 ns / 84%
253 410 2.9 ns/ 23% 16.1 ns/77%
238 435 4.9 ns/19% 22.8ns/81 %
203 445 8.8ns/15% 46.8 ns / 85%
193 445 13.9ns/ 15% 56.3 ns / 85%
IPE 293 420 1.1 ns/32% 8.7ns/68%
328 450 - 16.7 ns / 100%
318 455 - 16.7 ns / 100%
308 460 - 17.7 ns /100%
CHF
293 470 - 17.4 ns / 100%
276 480 - 15.2 ns/ 100%
258 480 - 13.0 ns / 100%
EAC 293 490 - 10.4 ns / 100%
293 490 - 13.7ns / 100%
276 520 - 11.2ns/ 100%
DCM 253 525 - 9.3 ns/100%
223 540 - 8.4 ns/ 100%
188 545 - 5.6 ns / 100%
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Supplementary Table 8. Charge recombination lifetimes of 2* obtained by SPC in various

solvents, at different temperatures.

Solvent T (K) Aem (Nm) T1/ a1 T2/ a2
NBE 293 375 0.28 ns / 50% 2.08 ns / 50%
308 395 0.52 ns / 66% 2.28 ns / 34%
293P 400 0.44+0.14 ns / 49% 2.15+0.16 /51 %
CHF* 273 405 0.33 ns/42% 2.60 ns / 58%
238 417 0.23 ns /39% 341 ns/61%
218 423 0.29 ns / 32% 3.76 ns / 68%
EAC 293° 420 0.34+0.04 ns / 26% 3.15+0.17 ns / 74%
DCM 293° 420 0.35+0.06 ns / 30% 3.86+£0.20 ns / 70%
276 425 0.38 ns / 28% 4.14ns/ 72%
263 430 0.46 ns / 26% 4.32 ns / 74%
243 441 0.41 ns/26% 4.50 ns / 74%
213 449 0.47 ns / 25% 4.58 ns / 75%
188 456 0.47 ns / 26% 4.61 ns/ 74%

& All measurements were performed in the same day using cryostat Optistat DN2, except

measurement at 308K, which was performed in the sample holder Flash 300.

b Average and sample standard deviation of three to six independent measurements.
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Supplementary Table 9. Micro-constants extracted from SPC data using the adapted Birks
mechanism with AEst=0.3 kcal/mol.

System T (K) kcr (s71) 3kise (s Tise (s71) 3kcr (s71)
323 1.24E+08 5.17E+08 3.24E+08 5.05E+08
308 9.32E+07 3.50E+08 2.14E+08 2.90E+08
303 1.05E+08 5.74E+08 3.49E+08 9.21E+07
293 8.66E+07 2.38E+08 1.42E+08 1.60E+08
276 6.82E+07 1.45E+08 8.40E+07 1.32E+08
1/NBE
258 5.38E+07 9.56E+07 5.32E+07 1.45E+08
253 3.81E+07 1.62E+08 8.93E+07 1.22E+08
238 2.82E+07 8.66E+07 4.59E+07 8.90E+07
203 1.25E+07 4 81E+07 2.29E+07 5.18E+07
193 1.28E+07 2.86E+07 1.31E+07 3.53E+07
1/1PE 293 8.20E+07 4.59E+08 2.74E+08 1.77E+08
2 /NBE 293 8.38E+08 2.00E+09 1.19E+09 2.05E+07
308 8.62E+08 9.01E+08 5.52E+08 4.76E+07
2932 6.74E+08 1.30E+09 7.74E+08 1.93E+08
2 / CHF 273 5.09E+08 1.72E+09 9.91E+08 1.93E+08
238 4.22E+08 2.71E+09 1.44E+09 7.04E+08
218 2.34E+08 2.10E+09 1.05E+09 3.32E+08
2/ EAC 2932 1.20E+08 1.52E+09 9.07E+08 7.50E+08
2932 1.25E+08 1.57E+09 9.35E+08 5.37E+08
2/ DCM 276 9.99E+07 1.42E+09 8.20E+09 5.37E+08
263 9.53E+07 1.13E+09 6.38E+08 5.39E+08
243 7.58E+07 1.36E+09 7.28E+08 5.63E+08
213 1.14E+08 1.18E+09 5.79E+08 4.76E+08
188 1.48E+08 1.25E+09 5.58E+08 3.94E+08

& Average of three to six independent measurements.
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Supplementary Table 10. Free energies and ET rate constants.

System T AG cs ks AG'cr Tkcr 1/12
(K) (kcal/mol)  (10''s™) (kcal/mol)  (103s™) 103 s
323 -11.4 1.22 -87.3 1.24 1.85
308 -12.0 1.51 -86.7 0.93 1.24
303 -12.2 -86.5 1.05
293 -12.7 1.19 -86.0 0.87 0.98
|/NBE 276 -13.6 1.19 -85.1 0.68 0.70
258 -14.6 -84.0 0.54
253 -14.9 1.27 -83.7 0.38 0.56
238 -15.8 -82.9 0.28
203 -17.8 -80.8 0.13
193 -18.4 -80.3 0.13
1/IPE 293 -17.5 1.15 -81.2 0.82 1.06
328 -17.8 2.52¢2 -81.1 0.60 0.982
318 -18.0 -80.6 0.60
308 -18.5 -80.2 0.56
1/CHE 293 -19.2 1.52 -79.5 0.58 0.68
276 -20.0 1.46 -78.7 0.66 0.72
258 -20.7 1.26° -77.9 0.77 0.75°
1/EAC 293 -21.7 1.22 -77.0 0.96 0.96
293 -24.7 2.46 -74.0 0.73 0.72
276 -25.1 2.53 -73.6 0.89 0.86
1/DCM 253 -25.7 2.30 -72.9 1.08 1.05
223 -26.5 2.46 -72.2 1.19 1.06
188 -27.3 2.00 -71.4 1.79 1.77
293 -0.4 0.22 -103.4 8.38 46.08
2/NBE 253 -0.4 0.07 -103.4 30.67
308 -6.5 -97.3 8.62
293 -7.2 0.83 -96.6 6.74+1.25° 10.00
2/CHF 273 -8.1 -95.6 5.09
238 -9.6 -94.1 4.22
218 -10.4 -93.3 2.34
2/EAC 293 -9.8 0.26 -94.0 1.20+0.27°¢ 2.04
293 -12.9 1.07 -90.8 1.25+0.72¢ 1.44
2/DCM 276 -13.4 -90.3 1.00
263 -13.8 -90.0 0.95
243 -14.3 -89.4 0.76
213 -15.1 -88.6 1.14
188 -15.7 -88.0 1.48

At 323 K where the transient absorption of 1/CHF has a feature nearly absent at lower temperatures (Fig.
S13), which can be assigned to a complex formed between the anionic groups of *1* and a chlorine atom, on
the basis of literature reports on similar species,?! on the increase of the intensity of this feature with the
removal of the stabilizer from the solvent, and on the decrease of this feature when the solvent is kept at
lower temperatures. At 253 K. ‘Average and sample standard deviation of three to six independent
measurements, representative of the error bars of rate constants obtained by single photon counting.
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Supplementary Note 7
Electron transfer rate constants

The ET rates can be expressed as the product between the electronic coupling strength
between donor and acceptor (V) and a Franck-Condon weighted density of states (FCWD)

k = —[\/ [FCwD (7.1)

where V is related to the probability of electron tunneling from donor to acceptor in the activated
complex. For the case of displaced oscillators with frequencies wi and reduced masses pi identical
in the initial and final states, the Franck-Condon factor is a convolution between line shape integrals
corresponding to the contributions of the solvent mode (subscript s) and of one higher frequency
molecular vibrational mode (subscript v), that can be expressed as?>?

_ p(m)2
n_+
1 _ _ N
FCWD = ——exp[-5, (27, +1)-5, (27, +1)] > ( 7, )

N m=—o

(7.2)

_ ml2
X, (2Ss, (7, +1))(”V_+1) I (ZSW [, (n, +1))

nV
where AE=—AG? because the frequencies were assumed not to change, p(m)=(AE —mhaw, )/ ho, is

taken as an integer closest to the value of p(m), Ix(z) is the modified Bessel function, the average
quantum number of an ensemble of identical oscillators in thermal equilibrium is

n, =[exp(ray, 1k, T)-1]" n, = e, /kT)-1]" (7.3a)

or

n?+1 =exp(hw/k,T) (7.3b)

and the electron-phonon couplings (Huang-Rhys parameters) are S, = A, /ho, and S, =4, / hao, .

Note that 7w = hv. The frequency ws corresponds to a solvent mode, or a group of solvent modes
with identical frequencies, and may take values close to 10 cm™. Even at the lowest temperatures
studied in this work (T>188 K), k,T >> i, and the following limits apply?%2

NN, +1) > kT / heo,

2n.(n, +1) - (2m, +1) - ha, 1 4k, T (7.4)

|y (2) = \/zl—ﬂexp{z_W}

where an asymptotic expansion of Bessel function for the solvents modes was made because of the
large values of its argument. This asymptotic limit corresponds to a Gaussian line shape function,
which supports a classical treatment of the medium modes.

When Ss—0 (i.e., 4s—0) and only m = 0 contributes in Eq. (7.2), a simple relation was
derived??

_ p/2
FCWD:hiexp[—Sv(Zﬁﬁl){nVﬁ +1j 1, (2s, V7., +1)) (7.54)
a)s 14
or
A
[\/ \—e p[- ﬁv+1)(nvﬁ+ j 1, (2s, 7. (@, +1)) (7.5b)
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where p=AE/%wo,.
A low temperature approximation can be made when k;T <<%a®,, nv—0. For vibrational

frequencies of 1500 cm™, this approximation applies to the range of temperatures studied in this
work (188-323 K), and the limiting form of the Bessel function for small values of the argument
can be used

1(z)
Using these approximations, Eq. (7.5) simplifies to
p
FCWD = iexp [-s,] S, (7.72)
ho, p!
or
2 1 SP
k="=N?-—exp|-S, |~ 7.7b
hwhws p[ V]p! (7.7b)

Using the relation between the angular frequency of oscillation and the harmonic force
constant of the vibrational mode, @, =/ f /4 , and the relation of the molecular vibrational

reorganization energy (Av) with the horizontal displacement of the vibrational mode between the
initial and the final state, A, = fd*/2, it is also useful to write

dy4
g, = N (7.8)
2
It is easy to show that when Eq. (7.7) is used for a symmetrical reaction (AE=0, p=0,
AE*=)\/4), and Eq. (7.8) is used for Sy, the ET rate is given by %

kxp{dz_uﬂ 79

n

Eqg. (7.9) was first derived by Formosinho, who presented it in a more general form, also valid
for exothermic reactions®®

k= vexp{—AX— “z'uAEI} (7.10)

h

where the barrier width Ax is the horizontal distance between the turning points of vibration of the
oscillator in the initial and final states of a radiationless transition. For displaced harmonic
oscillators with the same frequency in the initial and final states,
2|AE

Ax=d — % (7.11)

The calculation of the ET rate using the equations above relies on estimates of the normal
mode displacement d, which is related to the change of the equilibrium positions Ag; of the normal
modes (i.e. to the bond-length changes due to electron transfer), and on the corresponding normal
mode harmonic frequencies, to calculate the molecular vibrational reorganization energy

A =23 wet(xaf (7.12)

In the single high-frequency approximation used above, a weighted average over the strongly
coupling modes v is employed rather than a normal mode frequency. The bond length changes for
the donor or the acceptor may obtained from the mean square displacement?>-27

doja = (Z(Aqi)zj% (7.13)
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and the sum of the displacements of donor and acceptor is d = da +dp. The value of d can be
obtained from the equation above when the changes in bond lengths are known. Electronic structure
calculations, described in Section 2, are often used to calculate the equilibrium structures of donor
and acceptor before and after the transfer of the electron, which provides the basis to calculate each
Aq; relevant for Eq. (7.13). Table S1 presents the bond lengths of the donor and acceptor oscillators
before and after the transfer of the electron and the corresponding values of Agi. According to Eq.
(7.13) the displacement of the vibrational mode is d = 0.164 A for charge separation and d = 0.162
A for charge recombination reactions.

The displacement d can also be regarded as the sum of the displacements of the reactants and
products from their equilibrium positions to their transition state configuration. According to the
Intersecting-State Model (ISM)?3-31, the sum of these displacements is
d = %i(z)(h.eq A1) (7.14a)
where a’=0.156 is a scaling factor and n* the transition state bond order. The ET reactions studied in
this work do not involve bond-breaking or bond-forming processes, and n* is just the average bond
order of the relevant bonds, i.e. n* = 1.75. The average bond lengths of CT or LE states in Table S1
are leg = 1.37 A and for the ground state they are leg = 1.36 A. Thus, ISM gives d = 0.169 A, which
is in good agreement with Eq. (7.13).

The major difference between ISM and estimates of d using Eq. (7.13) is that ISM accounts
for a possible increase of the reorganization energy with the driving force of the reaction, expressed
as

a l+g 1 N0
=9 In Lo+l ), = ex (\/Zn* DG L) 7.14b
20 L_y(ng)}( tha) g=e® / (7.140)
where the parameter A regulates the dissipation of excess AG® by the accepting modes, that may
lead to additional bond extensions not accounted by Eq. (7.13). This becomes especially relevant
for very exothermic reactions.

The electronic frequency factor in Egs. (7.9) and (7.10) corresponds to the pre-exponential
factor in Eq. (7.7b), and is related to the non-adiabaticity of the ET reaction. It can be expressed as
the electronic frequency in the donor, v~ 5x10' s,3 multiplied by a donor-acceptor distance-
dependence factor
n=n,exp(-r.b) (7.15)

A simple electron-tunneling model (electron mass me) from donor to acceptor taking the
spacer as a uniform square potential energy barrier with width re and a barrier height ®o, gives®

B= % @, (7.16)

When the barrier is a material with an optical dielectric constant gp (gop = Np%, Np = 1.4 on the
basis of cyclohexane), it stabilizes the energy of the electron with respect to vacuum and the barrier
@ is replaced by ® = do/np?.3%3* In a charge recombination, the barrier height ®o can be estimated
from the absolute potential of the electron
®g = Esce + Ered® (7.17)
where Esce = 4.71 eV and Ered® = —1.69 eV. Hence, we have f=1.27 At and v~ 2x10% s,

All the parameters employed in ISM calculations using Eqgs. (7.10) and (7.14b) were obtained
from the properties of 1 except A. The value of this empirical parameter, which is relevant for very
exothermic reactions, was taken from earlier application of ISM to similar systems, A = 70
kcal/mol 29353

31



For the sake of completeness, it can also be demonstrated that from Eq. (7.2) it possible to derive

DG+ 1 ’
FCWD= ————— Z ‘SS —( GO+ A +nhn) (21)

\ 4p k n‘O 4 IskBT

when the solvent modes are treated classically and the vibrational modes are quantized®?. A possible
limitation of this approach to very exothermic ET reactions is the neglect of anharmonicity in the
intramolecular modes. A significantly flatter dependence on exoergicity is predicted for the
maximum rates using anharmonic modes®’, but for very exothermic reactions the steep decrease of
the rates with the exoergicity is maintained and does not explain the lifting of exothermic rate
restrictions.
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Supplementary Note 8
Transient absorption spectra

(All the spectra presented in this section were subject to the subtraction of the solvent
response and chirp correction)
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Supplementary Figure 14. Transient absorption spectra of 1 in dichloromethane at 293K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 15. Transient absorption spectra of 1 in dichloromethane at 276K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 16. Transient absorption spectra of 1 in dichloromethane at 253K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 17. Transient absorption spectra of 1 in dichloromethane at 223K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 18. Transient absorption spectra of 1 in dichloromethane at 188K, in short

(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 19. Transient absorption spectra of 1 in ethyl acetate at 293K, in short (A)

and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 20.'Transient absorption spectra of 1 in chloroform at 323K, in short (A)
and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 21. Transient absorption spectra of 1 in chloroform at 293K, in short (A)
and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 22. Transient absorption spectra of 1 in chloroform at 276K, in short (A)
and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 23. Transient absorption spectra of 1 in chloroform at 253K, in short (A)
and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 24. Transient absorption spectra of 1 in isopropyl ether at 293K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 25. Transient absorption spectra of 1 in di-n-butyl ether at 323K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).

38



—a—30 ps
—— 1501 ps

—=— 2001 ps

——5031 ps

—e— 7556 ps |

1
7350 400 450 500 550 600 650

A (nm)

20 40 60
Time (ps)

——350 nm
——474 nm
—— 600 nm

Time (ps)

<«—Time (ps)

350 400 450 500 550 600 650
A (nm)

1 1 1
1500 3000 4500 6000 7500

Supplementary Figure 26. Transient absorption spectra of 1 in di-n-butyl ether at 308K, in short

(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 27. Transient absorption spectra of 1 in di-n-butyl ether at 293K, in short

(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 28. Transient absorption spectra of 1 in di-n-butyl ether at 276K, in short
(A) and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 29. Transient absorption spectra of 1 in di-n-butyl ether at 253K, in short
(A) and long time scales (B) and calculated Evolution-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 30. Transient absorption spectra of 2 in dichloromethane at 293K, in short

(A) and long time scales (B) and calculated Evolution-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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Supplementary Figure 31. Transient absorption spectra of 2 in ethyl acetate at 293K, in short (A)

and long time scales (B) and calculated Evolution-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 32. Transient absorption spectra of 2 in chloroform at 293K, in short (A)

and long time scales (B) and calculated Species-Associated Spectra (C). Time profile of selected
decays (D). 2D image of collected data (E).
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Supplementary Figure 33. Transient absorption spectra of 2 in di-n-butyl ether at 293K, in short
(A) and long time scales (B) and calculated Evolution-Associated Spectra (C). Time profile of
selected decays (D). 2D image of collected data (E).
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