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Supplementary Figure 1| Cyclic voltammetry of investigated compounds 2,8-DPTZ-DBTO, and 3,7-
DPTZ-DBTO, at 1 mM concentration (a) in 0.1 M BusNBF,/DCM. (b) Comparison of CV curve up to first
and second oxidation potential of 3,7-DPTZ-DBTO,. Measurement conditions: scan rate 50 mV/s,
Ag/AgCl — quasi-reference electrode, calibrated against a ferrocene/ferrocenium redox couple.
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Supplementary Figure 2| UV-Vis and EPR spectroelectrochemical measurement of oxidation
process of the isomers. UV-Vis spectroelectrochemical measurement of oxidation process in (a) 2,8-
DPTZ-DBTO; and (b) 3,7-DPTZ-DBTO,. EPR spectra of electrochemically generated radical cations
registered in 0.1M BusNBF, dichloromethane solution at potential 0.6 V for (c) 2,8-DPTZ-DBTO, and
0.5 V for (d) 3,7-DPTZ-DBTO,, with simulated spectra (red).
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Supplementary Figure 3| UV-Vis and EPR spectroelectrochemical measurements of the reduction
process of the isomers. UV-Vis spectroelectrochemical measurement of reduction process of (a) 2,8-
DPTZ-DBTO,, and (b) 3,7-DPTZ-DBTO,. EPR spectra of electrochemically generated radical anions
registered in 0.1M BusNBF, dichloromethane solution at potential -2.3 V for (c) 2,8-DPTZ-DBTO; and
(d) 3,7-DPTZ-DBTO,, with simulated spectra (red).
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Supplementary Figure 4| Distribution of simulated spectra of the isomers. Simulated spectra of (a)
2,8-DPTZ-DBTO; and (b) 3,7-DPTZ-DBTO,. EPR measured signal (black line), simulated signal of two

radicals (red line), simulated signal of first radical at first doping stage (green line), simulated signal of
second radical at second doping stage (orange line).
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Supplementary Figure 5| 3,7-DPTZ-DBTO, absorption as a function of solvent polarity
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Supplementary Figure 6| The effect of solvent polarity on the absorption and emission of 2,8-DPTZ-
DBTO,. (a) The ground-state absorption of 2,8-DPTZ-DBTO, as a function of solvent polarity. (b) The
emission of 2,8-DPTZ-DBTO; as a function of solvent polarity showing a clear bathochromic shift.
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Supplementary Figure 7| Degassed versus non-degassed solutions of 2,8-DPTZ-DBTO, in MCH (a)
Comparison of intensities of degassed (black solid line) versus non-degassed (blue dashed line)
indicating the ratio of 11 between the two conditions. (b) The normalised emissions indicate that they
are the same spectral shape.
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Supplementary Figure 8| Degassed versus non-degassed solutions of 3,7-DPTZ-DBTO, in MCH (a)
Comparison of intensities of degassed (black solid line) versus non-degassed (blue dashed line)
indicating the ratio of 2.5 between the two conditions. (b) The normalised emissions indicate that
they are the same spectral shape



Supplementary Figure 9| Possible conformations of the 2,8-DPTZ-DBTO, isomer (a) ax-ax (b) eg-ax
(c) eg-eq.



Supplementary Figure 10| Possible conformations of the 3,7-DPTZ-DBTO, isomer (a) ax-ax (b) eq-
eq (c) eg-ax
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Supplementary Figure 11| Comparison of the degassed and non-degassed emission of the isomers
in a zeonex host. (a) Emission of 2,8-DPTZ-DBTO; in zeonex as a function of oxygen. The difference
between the two spectra clearly shows higher onset emission than !CT which is attributed to 3LE. (b)
Emission of 3,7-DPTZ-DBTO; in zeonex as a function of oxygen with the CT. emission observed at
onset ca. 3 eV and also the contribution of 3LE giving a higher onset than the expected 2.50 eV for
CTeq.
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Supplementary Figure 12|Energy level schematic for the TADF mechanism. Two energy level
orderings for the TADF mechanism showing Type |, where CT>3LE, on the left-hand side (LHS) and
Type I, where 1CT<3LE, on the right-hand side (RHS). These mechanisms are presented completely in
previous work; from which we use the notation.! Type Il TADF is where the 3LE and 'CT are considered
isoenergetic.
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Supplementary Figure 13| Comparison of prompt fluorescence and delayed fluorescence of 2,8-
DPTZ-DBTO; and 3,7-DPTZ-DBTO; in MCH. (a) The prompt fluorescence (PF) and delayed fluorescence
(DF) of 2,8-DPTZ-DBTO; match in terms of their spectral shape. (b) This is similarly shown for 3,7-DPTZ-
DBTO:..
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Supplementary Figure 14| Excitation intensity dependence of 2,8-DPTZ-DBTO, and 3,7-DPTZ-DBTO;
in zeonex films. (a) The change in spectra of 2,8-DPTZ-DBTO; with increasing intensity and the linear
power dependence on intensity indicating TADF. (b) Similarly for 3,7-DPTZ-DBTO,. The spectra are
plotted as a function of wavelength and have not been corrected using the Jacobian found in Mooney
and Kambhampati,? as the integral of the emission versus power is the focus. Spectra were acquired
with 1 ps delay time and integrated for 200 ps.
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Supplementary Figure 15| Emission decay profiles of a 2,8-DPTZ-DBTO, and 3,7-DPTZ-DBTO; in a
variety of solid state hosts as a function of temperature. (a) 2,8-DPTZ-DBTO, in CBP where the rigidity
of the matrix prevents change in the AEst gap and thus prompt CTeq lifetime (<10% ns) remains
unchanged. (b) 2,8-DPTZ-DBTO; in polyethylene oxide (PEQO), which has a diminishing AEs.r gap with
increasing rigidity and decreasing temperature, thus the prompt CTeq lifetime increases with
decreasing temperature. (c) 3,7-DPTZ-DBTO, in CBP, where the rigidity of the matrix prevents change
in the AEsr gap and the lifetime remains unchanged. (d) 3,7-DPTZ-DBTO; in Zeonex, which is more
rigid than PEO but less rigid than CBP and as such there is minimal change in AEsr and thus prompt
CTeq lifetime. The red lines are the exponential fits to the data, the parameters of which can be found
in Supplementary Tables 10-13.
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Supplementary Figure 16| Decay lifetimes of 2,8-DPTZ-DBTO, and 3,7-DPTZ-DBTO; in a variety of
solid state hosts as a function of temperature. (a) 2,8-DPTZ-DBTO; in CBP, where the rigidity of the
matrix means that there is no change in the energy gap and thus no change in lifetime. (The large error
bar at 100 K on the DF is due to a small amplitude in the decay, however this does not detract from
the trend.) (b) 2,8-DPTZ-DBTO; in PEO, where the change in energy gap with temperature means that
there is an increase in the lifetime of the prompt and delayed CT.q emission. This agrees with the
resonance curves published in previous work.! The prompt LE lifetime remains unchanged however,
as this is not affected by rISC rate. (c) 3,7-DPTZ-DBTO; in CBP, where the rigidity of the matrix again
prevents any change in the lifetime. The variation in the delayed fluorescence lifetime of CTeq is due
to the early onset of a power law decay in the data. This can skew the exponential fit and thus the
uncertainty in those values is much larger than the error bars. (d) 3,7-DPTZ-DBTO; in zeonex, where
even though the matrix is not as rigid as CBP there is very minimal change in the lifetimes of the
species. The error bars are the error on the fit and do not consider any uncertainty in whether the
decay is exponential or power law.
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Supplementary Figure 17| Time-resolved emission spectra of 2,8-DPTZ-DBTO, and 3,7-DPTZ-DBTO,
in CBP (a) The time-resolved (TR) spectra of 2,8-DPTZ-DBTO, in CBP shows LE character at early times,
which then becomes completely 'CTeq by 15 ns onwards. (b) The TR spectra of 3,7-DPTZ-DBTO; in CBP
shows a combination of !CT, and CTeq that becomes purely 'CTeq. This is indicated by the spectral
shift to lower energies within 10 ns, and is corroborated in the emission decay fits (Supplementary
Table 10).
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Supplementary Figure 18| The structure and electroluminescence of 2,8-DPTZ-DBTO; and 3,7-DPTZ-
DBTO; in devices. (a) The typical device structure used for the 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO,
devices. (b) The electroluminescence spectra of the 2,8-DPTZ-DBTO, and 3,7-DPTZ-DBTO, devices
showing that as in the photoluminescence 3,7-DPTZ-DBTO:; is still more red-shifted in emission than
2,8-DPTZ-DBTO:..
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Supplementary Figure 19| Device characteristics of the isomers in a DPEPO host device. (a) The J-V
curves of the devices. (b) EQE vs brightness for the devices. (c) Comparison of the electroluminescence
for the devices at the same current density.



Supplementary Figure 20| Molecular structure of 3,7-DPTZ-DBTO,. Displacement ellipsoids are
drawn at the 50% probability level.
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Supplementary Figure 21| Measurement of charge-transfer state onset energies of 3,7-DPTZ-DBTO;
(a) Measurement of quasi-axial and quasi-equatorial CT state onsets (red dashed lines) in MCH, there
is also indicated an extra shoulder (dotted line) which is assigned to overlap of the two CT states. (b)
Measurement of quasi-axial and quasi-equatorial CT state onsets in PhMe. (c) Measurement of quasi-
axial and quasi-equatorial CT state onsets in PhCl. (d) Measurement of quasi-axial CT state onset in
MeCN. This method was also used in our previous work! and can be found in the Supporting
Information of that article. Extracted energies using this method can be found in Supplementary Table
15.



Supplementary Table 1| Electrochemical lonization Potential (IP) and Electron Affinity (EA) energies

Compound IP-HOMO EA - LUMO
(eV) (eV)
2,8-DPTZ-DBTO, | —5.45 —3.05

3,7-DPTZ-DBTO, | —5.40 —3.05




Supplementary Table 2| Spectroscopic properties of investigated compounds in neutral and in
oxidized states.

Neutral State Absorption bands (nm) | g-value
Compound | Amax(nm) | Eg2P*(eV) Oxidized state
2,8-DPTZ- | 336 3.37 276 516 2.00549
DBTO;
3,7-DPTZ- | 396 2.82 276 345 396 518 2.00565
DBTO;




Supplementary Table 3| Spectroscopic properties of investigated compounds in reduced state.

Absorption bands (nm) ‘ g-value
Compound Reduced state
2,8-DPTZ-DBTO; 254 328 2.00238
3,7-DPTZ-DBTO; 254 329 2.00236




Supplementary Table 4| Relative energies of the 3 conformers of 2,8-DPTZ-DBTO; and 3,7-DPTZ-
DBTO, and the prevalence of each structure calculated using a Boltzmann distribution. The
energetics have been calculated using a DFT(PBEQ) optimised geometry and a polarisable continuum
model with the dielectric constant of water.

Relative % conformer
Energy (eV)

2,8-DPTZ-DBTO; axial-axial 0.38 0.00

2,8-DPTZ-DBTO: axial- 0.07 0.05
equatorial

2,8-DPTZ-DBTO; equatorial - 0.00 0.95
equatorial

3,7-DPTZ-DBTO; axial-axial 0.09 0.02

3,7-DPTZ-DBTO; axial- 0 0.93
equatorial

3,7-DPTZ-DBTO; equatorial - 0.07 0.05
equatorial




Supplementary Table 5| The exponential decay parameters of the two isomers in MCH and Toluene
solution at room temperature

Material (Solvent) AGr Agr
2,8-DPTZ-DBTO; 1.02+0.02E4 27018
(MCH)

2,8-DPTZ-DBTO; 1.05+0.02E4 172117
(Toluene)

3,7-DPTZ-DBTO; 2.43+0.03ES8 5.6+0.9E4
(MCH)

3,7-DPTZ-DBTO; 9.4+0.1E8 1.6+0.2E6
(Toluene)




Supplementary Table 6| Parameters for the 3 state D-A model Hamiltonian of 2,8-DPTZ-DBTO;
described above. These have been previously published in ref.?

Parameter Value (cm?)

w] 13.61

w11 173.65

w23 422.60

Esoc 2.00

Enrr 0.20

Relative Energy 3LEp 0.00

Relative Energy 3CT 0.01

Relative Energy 1CT 0.04

A 67.02 (3CT-3LEp)
M1 91.71 (3CT-3LEp)
A3 79.04 (3CT-3LEp)




Supplementary Table 7| Parameters for the 4 state D-A model Hamiltonian of 2,8-DPTZ-DBTO,
Hamiltonian described above.

Parameter Value (cm™)

w1 13.61

wg 84.60

wg 128.32

w11 173.65

w23 422.60

Relative Energy 3LEp 0.00

Relative Energy 3LEa 0.14

Relative Energy 3CT 0.02

Relative Energy 1CT 0.05

Esoc 2.00

Enrr 0.20

A 67.02 (3CT — 3LEp) 143.00 (3CT —3LEa)
M1 91.71 (3CT — 3LEp) 75.65 (3CT — 3LEn)
A3 79.04 (3CT — 3LEp) 75.65 (3CT — 3LE,)
As 91.78 (3CT — 3LEa)

A\g 183.89 (3LEp — 3LEA)




Supplementary Table 8| Parameters for the 3 state D-A model Hamiltonian of 3,7-DPTZ-DBTO,
described above.

Parameter Value (cm™)

w> 13.61

w9 173.65

w12 422.60

Relative Energy 3LEp 0.06

Relative Energy 3CT 0.00

Relative Energy 1CT 0.03

Esoc 2.00

Enri 0.20

Ay 216.07 (3CT - 3LEp)
A9 112.75 (3CT — 3LEp)
A2 169.53 (3CT —3LEp)




Supplementary Table 9| The exponential decay parameters of the two isomers in a zeonex matrix
at room temperature

2,8-DPTZ-DBTO, | 2.08+0.07E8
i,
3,7-DPTZ-DBTO, | 4.24%0.05E8




Supplementary Table 10| The exponential decay fitting parameters of the 3,7-DPTZ-DBTO; in
zeonex film time-resolved emission

Temperature (K) | AZF,

290 4.24+0.04E8 3.9+0.5E7 9.0+0.5E4
230 8.22+0.05E8 2.60.2E7 8.7E4+0.6E4

150 9.85+0.07E8 5.2+0.5E7 3.9+0.5E4
80 6.77+0.03E8 2.1+0.1E7 3.9+0.8E3




Supplementary Table 11| The exponential decay fitting parameters of the 2,8-DPTZ-DBTO, in CBP
film time-resolved emission

Temperature (K) [ AfF
298 4.3+0.3E6 4.2+0.4E5 3.90.2E4
220 4.97+0.09E6 4.4+0.3E5 2.3#0.1E4
160 3.44+0.07E6 5.040.2E5 6.8+0.4E3
100 5.32+0.06E6 4.5+04E5 2.345.3E3

80 6.8+0.2E6 6.1+0.2E5 6.0+1.6E2




Supplementary Table 12| The exponential decay fitting parameters of the 3,7-DPTZ-DBTO, in CBP
film time-resolved emission

Temperatwre (K) | Aff
300 8.310.5E8 2.3£0.1E8 2.30.4E7 5.9%0.2E5
290 5.240.2E8 1.6£0.1E8 1.3£0.2E7 4.10.2E5
230 6.80£0.06E8 2.26£0.03E8 4.310.1E7 4.90.2E5
150 6.20£0.1E8 1.360.06E8 1.70.1E7 9.5£0.5E4

80 7.1+0.1E8 1.58+0.05E8 2.12+0.08E7 8.0+0.6E3




Supplementary Table 13| The exponential decay fitting parameters of the 2,8-DPTZ-DBTO; in PEO
film time-resolved emission

Temperature @) | AlE
275 2.440.1E7
250 2.7310.09E7
225 5.040.2€7
200 5.240.2€7
175 4.950.1€7
150 5.1£0.1E7

80 3.88+0.09E7 1.65+0.05E7 1.12+0.08E5




Supplementary Table 14| Computational details for the MCTDH simulations. N; is the number of
primitive harmonic oscillator discrete variable representation (DVR) basis functions used to describe
each mode. n; is the number of single-particle functions used to describe the wavepacket.

Simulation Modes N; n;
ISC 2,8-DPTZ-DBTO vl 21 12,12,12
(3 state) vll,v23 21 12,12,12
rISC 2,8-DPTZ-DBTO; vl 21 21,61,31
(3 state) vll,v23 21 12,12,12
ISC 2,8-DPTZ-DBTO: vl,vlil 21 3,19,19,13
(4 state) vo,v23 21 3,19,19,13
v5 21 3,11,11,11
rISC 2,8-DPTZ-DBTO; vl,vlil 21 21,61,31
(4 state) vo,v23 21 21,61,31
v5 21 12,12,12
ISC 3,7-DPTZ-DBTO; v2,v9 21 12,12,12
v22 21 12,12,12
rISC 3,7-DPTZ-DBTO; v2,v9 21 11,61,41
v22 21 11,61,41




Supplementary Table 15| The CT state onset energies of 3,7-DPTZ-DBTO; in a range of solvents. N.B.
These values are estimated using the dataset in Figure2b. The values used in Figurelc are more
accurate and have been averaged over multiple spectra from a range of different techniques.

Solvent CTax (eV) CTeq (eV)
MCH 3.10+0.01 2.52+0.01
PhMe 2.95+0.01 2.42+0.01
PhCl 2.89+0.01 2.24+0.01
MeCN 2.86+0.01 N/A




Supplementary Methods

Electrochemical and spectroelectrochemical characterization (HOMO and LUMO energies, stabilization
of charges)

Generation of charged species (both radical cations and radical anions) was carried out using an in situ
electrochemical method coupled with spectroscopic techniques. From the potentials at the onset of
these redox peaks it is possible to estimate the ionization potential (IP) and the electron affinity (EA),
provided these potentials are expressed on the absolute potential scale i.e. with respect to the
vacuum level. The absolute potential of Fc/Fc* in non-aqueous electrolytes is 5.1 V.[*3! This leads to
the following equations:

IP(eV) = |e | (on(onset) + 5.1) (1)
EA(EV) =- | S | (Ered(onset) + 51) (2)

The HOMO-LUMO levels were determined electrochemically, using cyclic voltammetry (CV) analysis.
This method estimates the electron affinity and the ionization potentials, which are similar to the
HOMO and LUMO energies. >4

The electrochemical cell comprised of a working electrode, of 1 mm diameter, made from platinum,
a reference electrode made from Ag/AgCl, and a platinum coil as an auxiliary electrode. Cyclic
voltammetry measurements were conducted using the potentiostat Biologic SP300 at room
temperature, at a potential rate of 50 mV/s, and were calibrated against a ferrocene/ferrocenium
redox couple.

All solvents for the synthesis were dried before use. Other commercially available substances and
reagents were used without purification. Electrochemical measurements were conducted in 1.0 mM
concentrations for all compounds. Electrochemical studies were undertaken in 0.1 M solutions of
BusNBF4, 99% (Sigma Aldrich) in dichloromethane (DCM) or THF solvent, CHROMASOLV®, 99.9% (Sigma
Aldrich) at room temperature.

All the investigated compounds were electroactive and showed both oxidation and reduction
processes (Supplementary Figure 1). 3,7-DPTZ-DBTO; had slightly lower oxidation potential ca. 0.05
eV than 2,8-DPTZ-DBTO, which corresponds to a lower ionization potential, and the same reduction
potential (Supplementary Figure 1, Supplementary Table 1). The slightly lower ionization potential in
3,7-DPTZ-DBTO; corresponds to a lower HOMO energy and with a similar electron affinity energy, it
means the conjugation length in 3,7-DPTZ-DBTO; is slightly higher than 2,8-DPTZ-DBTO,. This is
possible if the angle between donor and acceptor planes in 3,7-DPTZ-DBTO, is more deviated from its
perpendicular configuration compared to compound 2,8-DPTZ-DBTO..



The HOMO energy is not the only difference between the molecules, strange behaviour is observed
for 3,7-DPTZ-DBTO; during the second oxidation peak. In 3,7-DPTZ-DBTO, there are two oxidation
stages, which are close to each other, meaning firstly, it is easy to miss the first one at around 0.4 V,
secondly the donor groups are not electrochemically equivalent. In 2,8-DPTZ-DBTO, both donor
groups (in D—A-D) are similar and they oxidize at the same potential, whereas in 3,7-DPTZ-DBTO; the
donor groups are different, firstly we see oxidation of the more conjugated part of molecule and the
second oxidation is from the less conjugated part of 3,7-DPTZ-DBTO,. One of the donor groups
deviates from a perpendicular conformation compared to the other donor group, which increases the
conjugation length, whereas the second donor group remains in a similar position like in 2,8-DPTZ-
DBTO,. As a resulting effect during the second peak (0.54 V) the electrocrystallization occurs, which
changes the CV shape and shows a strong high current de-doping peak (Supplementary Figure 1b).
Oxidation of the second donor group increases the probability of m-nt stacking of the molecules
through first donor group resulting in aggregation and electrocrystallization of 3,7-DPTZ-DBTO;
molecules. Such behaviour is not observed for 2,8-DPTZ-DBTO, and it is probably connected to the
less conjugated 2,8 connections.

Solvatochromic shift observed in the fluorescence spectrum of DPTZ-DBTO, isomers.

Supplementary Figures 6 and 7a show the absorption spectra of 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO,
collected in solvents of increasing polarity. No solvatochromic shift is observed in the main nr*
absorption bands of 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO,. Contrary to the absorption, the emission
spectra of 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO; are strongly affected by the solvent polarity. With
increasing solvent polarity the emission further red shifts (for both molecules) and its intensity
decreases (for 2,8-DPTZ-DBTO;). Supplementary Figure 5a shows the 2,8-DPTZ-DBTO; absorption in a
range of solvents at high concentration highlighting the bathochromic shift, which is not observed in
3,7-DPTZ-DBTO; (See Supplementary Figure 5b). The solvatochromism of the 3,7-DPTZ-DBTO,
emission is shown in the main article (Figure 2b) as both the axial and equatorial CT states can be
observed.

Effect of oxygen on the 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO, steady state fluorescence

A comparison is shown between aerated (blue dashed lines) and degassed (black solid lines), steady-
state fluorescence spectra of 2,8-DPTZ-DBTO, and 3,7-DPTZ-DBTO, in MCH solutions at RT
(Supplementary Figure 7 and Supplementary Figure 8). Upon degassing the solution, the fluorescence
integral increases by a factor of ca. 11 for 2,8-DPTZ-DBTO; and 3 for 3,7-DPTZ-DBTO,. The spectral
shape of the emission obtained in aerated and degassed solutions match closely.
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Spectroelectrochemistry and EPR

Changes in the optical spectra upon electrochemical oxidation of the examined compounds
were recorded as a function of applied potential in accordance with cyclic voltammetry



(Supplementary Figure 2). It can be observed that as the potential is sequentially increased the
intensity of absorption peaks at 254 nm and 335-340 nm diminish, along with the formation of new
peaks at lower energy regions of the spectra at 516-518 nm for 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO,,
which could be assigned to typical phenothiazine radical cation bands,!”! which in this case are blue-
shifted because of the presence of strong acceptor units in the main chain of the molecules.

The difference in position of the new band between the two molecules is relatively small (A=2
nm). This is probably due to strong localization of the radical cation on the phenothiazine moiety. This
is supported by EPR spectroelectrochemical measurements. EPR spectra reveal hyperfine structure
(Supplementary Figure 2). From the set of coupling constants obtained for both charged molecules it
can be deduced that the maximum spin density of the radical cation is located on the phenothiazine
core. This is also supported by the high g-factor value of 2.00549 for 2,8-DPTZ-DBTO, and 2.00565 for
3,7-DPTZ-DBTO; (Supplementary Table 2). These high values of g-factor are consistent with the
localization of a large part of the spin density on the sulphur atom of the phenothiazine moiety.®

The spectra of electrochemically generated radical anions were measured using the same
procedure (Supplementary Figure 3). Contrary to the oxidation, reduction of both compounds gives
rise to no new absorption bands in the visible part of spectrum. These different spectral changes
confirm that reduction and oxidation processes take place on different parts of the molecules which
are strongly decoupled. This is also supported by the rather small differences in reduction potentials
of 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO,, which are almost identical. It can be assumed that reduction
takes place at the dibenzothiophene-S,S-dioxide unit. The lack of new absorption bands could be
explained by the low oscillator strength of new transitions accompanying the formation of new charge
carries.

The spectroelectrochemical EPR measurements (Supplementary Figure 3) confirmed that the radical
anion is strongly localized on the acceptor core of the molecules. As in the case of anodic generation
of charged species, in the cathodic process the radical anions exhibit multiline EPR spectra with g-
value in the range of 2.00236-2.00238. The observed spectra could be simulated using hyperfine
interactions of the unpaired electron with the protons present in dibenzothiophene- S,S-dioxide core
(Supplementary Figure 4).* Even when the spectral shape is different, simulation of the two charged
species prove the similarity of the process. In both cases, during reduction we observe two different
radical anions forming signals at different g-value (Supplementary Figure 4, green, orange line).
Analysis of the g-factor value gives no evidence of interactions of the unpaired electron with either
the sulphur or oxygen in the acceptor core® (Supplementary Table 3).

Conversion from wavelength to energy scale

To ensure consistency and accurate estimates of the emission onset energy, and a truer
representation of the spectral shape all emission spectra (unless explicitly stated otherwise) have been
converted to an energy scale according to the Jacobian that is presented in the paper by Mooney and
Kambhampati.2

Fitting of the exponential decays using Origin software

The exponential decay fits of the integrated time-resolved spectra were performed using the Origin
fitting function ExpDec3 and a user-created ExpDec4 that had the following formats,



x x x
y=Aem1 + Ayez + Aze™s + y,,

and

X X x X
y =Ajem + Azetz + Aze™ + Aye™ + y,,

where y, was set to zero. As the decays are over several orders of magnitudes the statistical weighting
method in Origin was used giving a weighting (w;) to each point of,
w; =—,
Lo
where y; is the function and not the dependent variable. Otherwise the higher intensity, prompt

decays will contribute more greatly to the residuals and the fitting will be skewed to the shorter decays
and in extreme cases the delayed fluorescence decays would not be fitted.

Conformers and Energetics

For both 2,8-DPTZ-DBTO; and 3,7-DPTZ-DBTO; there are 3 distinct conformers. These are denoted
axial-axial (ax-ax), equatorial-equatorial (eg-eq) and axial-equatorial (ax-eq) and are shown below. The
structures shown are the ground state energy minimised structures, which have been optimised using
the DFT(PBE))® and a def2-SVP basis set as implemented within the Gaussian 09 quantum chemistry
package’.

When performed in the gas phase all three have equivalent energies. However, this degeneracy is split
by the addition of the solvent (polarisable continuum model with the dielectric constant of
dichloromethane), arising from the molecular dipole moment. This suggests that prevalence of each
structure calculated here using a Boltzmann distribution (below) may be altered by the polarity of the
solvent used during the synthesis.

exp(—F;/kyT)
Zj exp(—Ej/ka)

% conformer i =

The HOMO-LUMO band gaps of these conformers decrease in the order of axial-axial conformers (ax-
ax), an equatorial-axial conformer (eg-ax) and an equatorial equatorial conformer (eg-eq), suggesting
a red shift of the lowest excited states following that order.

Charge Transfer Character

In 2,8-DPTZ-DBTO; eqg-eq, the HOMO and LUMO are completely separated. The HOMO resides on the
two donor groups, while the LUMO resides on the acceptor. These distributions of the frontier orbitals
favour the effective formation of ICT states, as previously reported.® For the 3,7-DPTZ-DBTO, eqg-ax,
the HOMO is localized on the eq donor group, while the LUMO is delocalized on the acceptor unit.
As described in the main text, the relative shift of the !CT emission in 2,8-DPTZ-DBTO; is
greater than 3,7-DPTZ-DBTO;, consistent with a stronger CT character of the excited state in 2,8-DPTZ-



DBTO,. This can be confirmed using the overlap of the HOMO and LUMO orbitals, calculated using
DFT(MO062X)°, on the donor and acceptor involved in the lowest CT state. For 2,8-DPTZ-DBTO,, the
absolute orbital overlap is 0.086, while for the 3,7-DPTZ-DBTO; this is 0.140. The orbitals are shown in
Supplementary Figure 8.

The ISC and rISC rates

As in recent previous works®?, insight into the ISC and rISC of these molecules requires dynamical
simulations, which explicitly take into account the vibronic coupling within the triplet manifold.

The model Hamiltonians used for the D-A analogue 2,8-DPTZ-DBTO; is based upon the Linear
Spin Vibronic Model Hamiltonian published in ref.2 This Hamiltonian has the form:

w( +Q?) + Erel \o. Esoc
Eq. 1 2 \a@z T SLE Qi
IS w [ 02
H = Ao = 2 Erel E
O 5 (GQ? + Qz> + B3¢ ; HFI
w
Esoc Eurr E <TQ2 + Q?) + E{ng

Where Q; is the nuclear degree of freedom. In the present model, three nuclear degrees of freedom
are included all of which were found, as described in ref.® to promote coupling between the 3LEp and
3CT states. The relative energies of the three excited states (3LEpand »3CT) are shown in Supplementary
Table 4. All of the other parameters used in the Hamiltonian are unchanged from ref.? and are shown
in Supplementary Table 6.

The second Hamiltonian incorporates a higher lying 3LE4 state (4 state model Hamiltonian for the D-A
analogue 2,8-DPTZ-DBTO,). This can be cast in the form below, where in this case the kinetic energy
operator has been neglected from the diagonal components.

ng + Effly, AQi Esoc AQ;
Esoc Enrr %Qf + ETgr Esoc
ro, Xo, Bsoc Qi +Eifly,

The additional parameters required for this model include the vibrational coupling between the 3CT
and °LE, and the vibrational coupling between the ?LE, and ?LEp, These occur along modes 5 and 9,
which correspond to acceptor torsion and flex between the D-A groups and are shown in
Supplementary Table 7.

The final model Hamiltonian is a 3 state D-A model Hamiltonian of the D-A analogue 3,7-DPTZ-DBTO..
This is also based upon a linear spin-vibronic Hamiltonian model and has the same form as shown in
Eg. 1 above. All of the expansion coefficients of the Hamiltonian have been calculated in the same
manner as for the D-A analogue 2,8-DPTZ-DBTO; and described in ref.® Potential energy surfaces,
along the important normal modes were calculated using TDDFT(M062X)° within the Tamm-Dancoff
approximation (TDA) and a def2-TZVP basis set as implemented within the Gaussian quantum
chemistry package.” Only modes with significant coupling between the lowest two triplet states were
included into the model. This will be discussed in more detail in a forthcoming publication. All of the
expansion coefficients are given in Supplementary Table 8.



The quantum dynamics were performed within a Quantics quantum dynamics package!. The full
details the simulations for each Hamiltonian are given in Supplementary Table 14. All simulations were
initiated from either the !CT state or lowest triplet state, depending on if they are related to ISC or
rISC, respectively. For the rISC simulations, temperature needs to be included. Therefore, the quantum
dynamics were performed within a density operator formalism of MCTDH?*2. Here the single particle
functions used for the standard wavefunction implementation of MCTDH are replaced with single-
particle density operators. Throughout this work we adopt a closed quantum system, meaning that
no dissipative operators are included.

Synthesis: General experimental details

All reactions were carried out under an argon atmosphere unless otherwise stated. Starting materials
were purchased commercially and were used as received. Solvents were dried using an Innovative
Technology solvent purification system and were stored in ampoules under argon.

TLC analysis was carried out using Merck Silica gel 60 F,s4 TLC plates and spots were visualised using a
TLC lamp emitting at 365, 312 or 254 nm. Silica gel column chromatography was performed using silica
gel 60 purchased from Sigma Aldrich.

H and 3C NMR spectroscopy was carried out on Bruker AV400. Residual solvent peaks were
referenced as described in the literature®?, and all NMR data was processed in MestReNova V10.

Melting points were obtained on a Stuart SMP40 machine.

High resolution mass spectrometry was carried out on a Waters LCT Premier XE using ASAP ionisation.
Samples were analysed directly as solids using N, at 350 °C.

Elemental analysis was performed on an Exeter Analytical E-440 machine.
3,7-dibromodibenzothiophene-S,S-dioxide was prepared as reported in the literature.}***

Any stated use of hexane refers to a mixed isomers grade.



Synthesis of 3,7-Bis(phenothiazin-10-yl)dibenzothiophene-S,S-dioxide

Pd,(dba); (6.5 mol%)
XPhos (13 mol%)

NaO'Bu (2.2 eq.)
phenothiazine (2.1 eq.) N O Q N
Br Br > S s

S
S /7 \\
/\ Toluene, 110 °C, 18 h o o

63% Yield

3,7-dibromodibenzothiophene-S,5-dioxide (500 mg, 1.34 mmol, 1 eq.), Pd(dba)s; (80 mg, 87 umol,
0.065 eq.), XPhos (83 mg, 174 umol, 0.13 eq.) and phenothiazine (562 mg, 2.82 mmol, 2.1 eq.) were
dissolved in dry toluene (20 mL) and the mixture was bubbled with argon for 30 minutes. NaO'Bu (284
mg, 2.96 mmol, 2.2 eq.) was added and reaction mixture was deoxygenated with argon for a further
15 minutes. The reaction was stirred for 18 h at 110 °C. Upon cooling, the mixture was diluted with
toluene (50 mL), washed with water, and dried over Na,SQ,, filtered and solvent removed under
reduced pressure. The residue was purified by silica gel column chromatography eluting with 75:25
CH,Cl,:hexane (v/v). Removal of solvent gave the product as a yellow solid (518 mg, 63% vyield). The
title compound can be sublimed under vacuum (9 x 1072 mbar, > 350 °C). Crystals suitable for X-ray
analysis were grown over three days by layering with CH,Cl,: hexane.

'H NMR (400 MHz, DMSO-ds) 6 8.23 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 2.1 Hz, 2H), 7.60 (dd, J = 8.4, 2.1
Hz, 2H), 7.35 (dd, J = 7.5, 1.5 Hz, 4H), 7.22 (ddd, J = 8.1, 7.5, 1.5 Hz, 4H), 7.11 (td, J = 7.5, 1.3 Hz, 4H),
6.84 (dd, J = 8.1, 1.3 Hz, 4H); 3C NMR (100 MHz, DMSO-d¢) 6 144.5, 141.8, 139.2, 129.9, 127.83,
127.80,127.0,125.8,124.9, 124.6, 121.1, 116.8; HRMS-ASAP* m/z calculated for C3gH23N20,S53 [M+H]*
611.0922, found: 611.0925; Anal. Calc. for CssH22N,0,53 C, 70.80; H, 3.63; N, 4.59. Found: C, 70.82; H,
3.62; N, 4.56; m.p. decomp. > 350 °C.
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X-ray crystallography of 3,7-DPTZ-DBTO,



The X-ray diffraction experiment was carried out on a Bruker 3-circle D8 Venture diffractometer with
a PHOTON 100 CMOS area detector, using Cu-K, radiation (A=1.54184 A) from a | uS microsource with
focusing mirrors. The crystal was cooled to 120 K using a Cryostream (Oxford Cryosystems) open-flow
N, gas cryostat. Crystal data: CssH22N20,53 (M = 610.73), monoclinic, space group P2i/c (no. 14), a =
18.3663(8), b = 17.8328(8), ¢ = 8.5964(4) A, B = 96.749(2)°, V = 2796.0(2) A3, Z = 4, p(CuKa) = 2.735
mm?, D, = 1.451 g/cm?3, 20810 reflections measured (20 < 149.2°), of which 5077 unique (Rin =
0.0536). Crystals showed non-merohedral twinning by a 180° rotation around the direct axis [4 0 1],
i.e. the reciprocal axis a* (twinning law 1 0 % 0 -1 0 0 0 -1). The twinning pattern was deconvoluted
using PLATON TwinRotMatrix program.® The structure was solved by direct methods using SHELXS
2013/1 software!’ and refined by full-matrix least squares using SHELXL 2014/7'® and OLEX2%
software, converging to R1 = 0.053 for 4505 reflections with / > 2o(/) and wR,= 0.137 on all data. Full
crystallographic data has been deposited with the Cambridge Crystallographic Data Centre, dep. no.
CCDC-1519688.

In the molecule of 3,7-DPTZ-DBTO,, the central dibenzothiophene moiety is planar, phenothiazine
substituents A and B have different orientations, with the torsion angles around the N(1)-C(3) and
N(2)-C(10) bonds of 76.0° and 17.4°, respectively (Supplementary Figure 24). Consequently, the lone
electron pair of N(2) is conjugated with the t-system of dibenzothiophene, while that of N(1) is instead
involved in -conjugation within the phenothiazine moiety. Thus, the N(1)-C(3) bond of 1.439(5) A is
longer than the N-C bonds within the phenothiazine moieties A (mean 1.416(5) A), whereas the N(2)-
C(10) bond of 1.406(5) A is shorter than the N-C bonds in phenothiazine B (mean 1.438(5) A). Both
phenothiazines are folded along the N...S vectors, but A is substantially more planar than B: note the
dihedral angles 153.9° (A) and 136.6° (B).
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