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1. Materials and Instrumentation
All chemicals are used as commercially available without further purification. Unless

otherwise stated, all reactions are performed under argon atmosphere.

NMR spectra are measured by a Bruker Ascend 400/600 spectrometer at 293 K (*H NMR at
400 MHz or 600 MHz; 3C NMR at 101 MHz or 151 MHz). The samples are dissolved in CDCls,
CD2Cl2 or DMSO-ds which serves as an internal standard. Its chemical shifts 6 can be found at
6H(CDCl3) = 7.26 ppm, SH(CDCly) =5.32 ppm for 'H NMR and at &C(CDCls) = 77.16 ppm,
6C(CD,Clz) = 53.84 ppm for 13C NMR.

HRMS (MALDI-FTICR) spectra are performed with a Bruker SolariX containing a DCTB matrix.
Chemical ionization (Cl) mass spectra are measured with a Thermo Scientific ISQ LT single

guadrupole mass spectrometer.

UV-vis spectra are recorded on a Lambda 365 spectrophotometer by Perkin Elmer with UV
WinlLab as standard software. The samples are diluted in cyclohexane and measured in 1 cm
qguartz glass cuvettes. The fluorescence analysis is performed on a Perkin-Elmer FL 6500 and
the PLQY is determined with a Hamamatsu Quantaurus-QY (C11347). All optical

measurements are performed at room temperature (293 K).

Fluorescence lifetimes are measured by time-correlated single-photon counting (TCPSC) for
cyclohexane solutions (107 M). TCSPC measurements are performed on a custom build laser
reflection spectrometer from AIQTEC. A pulsed excitation beam (375 nm, 20 MHz pulse
repetition rate) with a picosecond diode laser is used as the light source. The excitation
wavelength is removed from the signal by a long-pass filter (400 nm cut-off wavelength). The
photoluminescence signal is sent through a spectrograph equipped with a photomultiplier
tube which allows for TCSPC measurements in combination with the SPCM data acquisition
software. Emission is detected within a wavelength range of 200 nm centered at the

respective emission maximum.
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2. Synthesis

2.1 Synthesis of Br-TTM

Cl
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Figure S1: Synthesis of Br-TTM. (!
Br-TTM is synthesized according to the synthesis of (2,6-Dichloro-4-iodophenyl)bis(2,4,6-
trichlorophenyl)methyl radical. 7.15g 1,3,5-trichlorobenzene (39.4 mmol, 1.0 eq.) are
dissolved in anhydrous THF at -78 °C and 15.8 mL of a 2.5 M solution of "Buli in hexane
(39.4 mmol, 1.0 eq.) are added. The mixture is stirred at -78 °C for one hour, after which a
solution of 10.0 g 2,6-dichloro-4-bromobenzaldehyde (39.4 mmol, 1.0 eq.) in THF is added
quickly. The solution is stirred at -78 °C for 10 minutes and then allowed to warm to room
temperature, followed by stirring overnight. The reaction is quenched with water and
saturated aqueous ammonium chloride, and the product is then extracted with
dichloromethane, yielding (2,6-Dichloro-4-bromophenyl)(2,4,6-trichlorophenyl)methanol (a)
in quantitative yield. a is dissolved in 45 mL SOCI, and stirred at 65 °C for one hour. After
cooling to room temperature, unreacted SOCI; is hydrolyzed with 1 M HCI solution. DCM is
added and the mixture is extracted with brine to yield 1,3,5-trichloro-2-[chloro(2,6-dichloro-
4-bromophenyl)methyl]benzene (b) in quantitative amount. For the synthesis of Br-HTTM (c),
5.13 g of b (11.3 mmol, 1.0 eq.) and 21.0 g 1,3,5-trichlorobenzene (116 mmol, 10 eq.) are
warmed to 65 °C in a pressure vessel until a homogeneous melt is obtained. 1.62 g AlCl3
(12.1 mmol, 1.1 eq.) are added, and the mixture is stirred for 3 h at 65 °C. After cooling to rt,
1 M hydrochloric acid is added, and the mixture is extracted with DCM. The organic phase is
dried over MgSQ,, filtrated and concentrated in vacuo. The main part of the excess of
1,3,5-trichlorobenzene is sublimated at 85 °C. The crude product is then washed with
petroleum ether to remove remaining trichlorobenzene followed by washing with diethyl
ether to remove unreacted b to yield 5.88 g of Br-HTTM (c) (9.82 mmol, 87 %). For the
synthesis of Br-TTM, 1.00 g Br-HTTM (1.67 mmol, 1.0 eq.) are dissolved in 150 mL anhydrous
THF and 3.77 g KO'Bu (33.6 mmol, 20 eq.) are added and the mixture is stirred overnight at

rt. 1.24 g p-chloranil (5.05 mmol, 3.0 eq.) are added and the mixture is stirred for further 2.5 h
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in the dark. The solvent is removed under reduced pressure and the crude product is purified
by silica gel column chromatography using PE:DCM (5:1) as an eluent. The received red
fraction is resolved in THF and the procedure is repeated with further 2.45 g KO'Bu (21.9 mmol,
20eq.) and 1.24 g p-chloranil (5.04 mmol, 3.0 eq.). After purification, 0.767 g Br-TTM
(1.28 mmol, 76 %) are obtained.

14
Cl OH (I
1 O 7 12
Cl CIClI Br
3 10

a:
14 NMR (600 MHz, CDCls, 293 K): & = 7.47 (s, 2 H, 10/12), 7.33 (s, 2 H, 1/3), 6.70 (d,
3Jun = 10.5 Hz, 1 H, 7), 3.34 (d, 3Ju = 10.6 Hz, 1 H, 14) ppm.

13C{*H} NMR (151 MHz, CDCl3, 293 K): 6=136.1, 135.9, 134.9, 134.5,134.4,132.4,129.7,121.9,
73.0 ppm.

MS (ClI): m z'1 = calc. for C13HsBrCls [M-OH]*: 418, found: 418.

¢l Cl ¢l
o
Cl ClCl Br
b: 3 10
1H NMR (600 MHz, CDCl3, 293 K): 6 =7.50 (s, 2 H, 10/12), 7.36 (s, 2 H, 1/3), 7.00 (s, 1 H, 7) ppm.
13C{IH} NMR (151 MHz, CDCls, 293 K): 6 =137.0, 136.9, 135.0, 132.7,132.6,132.1, 129.9, 122.5,

55.5 ppm.
MS (ClI): m z'1 = calc. for C13HsBrCls [M-Cl]*: 418, found: 418.

Br-HTTM:
1H NMR (400 MHz, CDCls, 293 K): & = 7.50 (d, “un = 2.1 Hz, 1 H), 7.38 (d, “n = 2.0 Hz, 1 H),
7.36 (d, Yun = 2.3 Hz, 2 H), 7.23 (d, Yun = 2.3 Hz, 2 H), 6.66 (s, 1 H, 19) ppm.

MS (ClI): m z'1 = calc. for C19H7BrCl7 [M-Cl]*: 563, found: 563.

Br-TTM: MS (Cl): m z* = calc. for C19HgBrCls®: 596, found: 596.
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5 mg Br-TTM dissolved in 0.6 mL CDCls; only shows solvent signals in the *H NMR (400 MHz,
293 K), proving the absence of unreacted Br-HTTM (s. Figure S45).

2.2 Synthesis of 5,7-1Cz-HTTM:

Pd,(dba),
[(‘Bu);PHIBF,
NaOBu
—_—
AN O O toluene, 100 °C, 5d
26 % cl

C
Cl 5,7-ICz-HTTM,

Figure S2: Synthesis of 5,7-1Cz-HTTM..
201 mg Br-HTTM (0.336 mmol, 2.2 eq.), 39 mg 5,7-dihydroindolo[2,3-b]carbazole (0.151 mmol,

1.0 eq.), 23 mg [(*Bu)3PH]BF4 (0.078 mmol, 0.5 eq.) and 57 mg NaO'Bu (0.593 mmol, 4.0 eq.)
are dissolved in 60 mL anhydrous toluene. After the addition of 35 mg Pdx(dba)s (0.038 mmol,
0.25 eq.), the reaction mixture is warmed to 100 °C and stirred for five days in the dark. The
mixture is allowed to cool to rt and is extracted with brine and DCM. The organic phase is
collected, dried over MgS0O4 and the solvent is evaporated under reduced pressure. The crude
product is purified by column chromatography with 5:1 PE:DCM as the eluent resulting in
51 mg 5,7-1Cz-HTTM: as a white solid (0.040 mmol, 26 %).

1H NMR (600 MHz, CD,Clz, 293 K): 6=8.82 (s, 1 H, 13), 8.24 (d, 2 H, 2/17), 7.72 (d, 3Juxi = 2.3 Hz,
1 H), 7.66 (d, 3Jun = 2.3 Hz, 1 H), 7.53 (d, 3Jun = 2.1 Hz, 1 H), 7.52 (s, 1 H), 7.48 - 7.39 (m, 6 H),
7.39—7.35 (m, 2H), 7.34 (d, “Jun = 2.3 Hz, 1 H), 7.32 (d, “uw = 2.5 Hz, 1 H), 7.19 (bs, 1 H, 10),
6.87 (s, 2 H, 39/66) ppm.

13C{H} NMR (151 MHz, CD,Cly, 293 K): 6 = 141.2, 141.1, 140.7, 140.5, 139.0, 138.9, 138.6,
138.5,138.4,138.3,138.2,138.1, 137.7,137.7,137.6, 137.6, 134.6, 134.5, 134.5, 134.5, 134.2,

134.2,134.2,134.1, 134.0, 130.7, 130.5, 130.5, 129.4, 129.0, 128.9, 128.9, 128.6, 128.5, 127.9,
6
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126.9,126.3,126.1, 126.0, 125.6, 124.7, 124.5,121.5, 121.3, 120.3, 120.3, 120.0, 119.8, 112.2,
110.0, 109.8, 89.9, 89.5, 50.5 ppm.

The two signal sets observed in the NMR spectrum correspond to the diastereomers arising

from the chirality of the two HTTM moieties (see Figure S46).

HR-MS (MALDI-FTICR): m z! = calc. for CsgH24CligN2: 1291.6847, found: 1291.6851;

dm/m = 0.3 ppm.

2.3 Synthesis of 5,7-1Cz-TTM>

sz(dba)3
[(‘Bu)sPH] BF 4
NaO'Bu
AN O O toluene, 100 C 5d

33 %

[
cl 5,7-ICz-TTM,

Figure S3: Synthesis of 5,7-1Cz-TTM..

295 mg Br-TTM (0.494 mmol, 2.2 eq.), 58 mg 5,7-dihydroindolo[2,3-b]carbazole (0.225 mmaol,
1.0 eq.), 34 mg [(‘Bu)sPH]BF4 (0.118 mmol, 0.52 eq.) and 98 mg NaO'Bu (1.020 mmol, 4.6 eq.)
are dissolved in 110 mL anhydrous toluene. After the addition of 55 mg Pd(dba)s; (0.060 mmol,
0.27 eq.), the reaction mixture is warmed to 100 °C and stirred for five days in the dark. After
cooling to rt, 112 mg p-chloranil (0.456 mmol, 2 eq.) are added and the mixture is stirred for
further two hours at rt. 96 mg of a dark green solid (0.075 mmol, 33 %) are obtained after

column chromatography with 5:1 - 4:1 PE:DCM eluent gradient.

HR-MS (MALDI-FTICR): m z! = calc. for CsgH2,CligN2?*: 1289.6691, found: 1289.6667;

dm/m=1.8 ppm.
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2.4 Synthesis of 5,8-1Cz-HTTM

Pd2(dba)3
[(‘Bu)sPH]BF,4
NH NaOBu
+
O O toluene, 100 °C, 14 d
cl N

7.5 %

Figure S4: Synthesis of 5,8-1Cz-HTTM..

211 mg Br-HTTM (0.353 mmol, 2.3eq.), 39mg 5,8-dihydroindolo[2,3-b]carbazole
(0.151 mmol, 1.0 eq.), 28 mg [(‘Bu)sPH]BFs (0.096 mmol, 0.64 eq.) and 56 mg NaO'Bu
(0.585 mmol, 3.9 eq.) are dissolved in 100 mL anhydrous toluene. After adding 39 mg
Pd>(dba)s (0.042 mmol, 0.28 eq.), the reaction mixture is warmed to 100 °C and stirred for
14 days in the dark. The mixture is allowed to cool to rt and is extracted with brine and DCM.
The organic phase is collected, dried over MgSO4 and the solvent is evaporated under reduced
pressure. The crude product is subjected to column chromatography using a 5:1 PE:DCM

eluent, yielding 15 mg of a 5,8-1Cz-HTTM as a white solid (0.011 mmol, 7.5 %).

1H NMR (600 MHz, CDCla, 293 K): & = 8.93 (d, 3Jun = 8.0 Hz, 2 H, 3/4), 7.69 (d, ¥Juu = 2.3 Hz,
2 H), 7.57 — 7.54 (m, 8 H), 7.51 (m, 2 H), 7.48 (d, 31 = 2.3 Hz, 2 H), 7.46 (d, 3Jun = 2.3 Hz, 2 H),
7.36 (d, 3Jun=2.3 Hz, 2 H), 7.32 (d, 3J4-n = 2.3 Hz, 2 H), 6.90 (s, 2 H, 27/55) ppm.

13c{!H} NMR (151 MHz, CD,Cl,, 293 K): & = 140.9, 138.9, 138.5, 138.4, 138.1, 137.7, 137.6,
136.8, 134.9, 134.5, 134.5, 134.3, 130.6, 130.5, 129.6, 129.0, 128.9, 128.0, 126.3, 124.0, 123.6,
120.9, 117.8, 110.2, 109.3, 50.6 ppm.
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HR-MS (MALDI-FTICR): m z! = calc. for CseH2aCligN2: 1291.6847, found: 1291.6820;

dm/m = 2.1 ppm.

2.5 Synthesis of 5,8-ICz-TTM>

Pd,(dba)s
[(‘Bu)sPH]BF,
NH NaOBu
+
O O toluene, 100 °C, 3d
0,
cl H 20 %

Figure S5: Synthesis of 5,8-1Cz-TTM..
200 mg Br-TTM (0.335 mmol, 2.2 eq.), 39 mg 5,8-dihydroindolo[2,3-b]carbazole (0.152 mmol,
1.0 eq.), 22 mg [('Bu)3PH]BF4 (0.076 mmol, 0.50 eq.) and 55 mg NaO'Bu (0.574 mmol, 3.8 eq.)
are solved in 100 mL anhydrous toluene. 35 mg Pd;(dba)s (0.038 mmol, 0.25 eq.) are added,
and the reaction mixture is stirred at 100 °C for three days in the dark. After cooling to rt, the
mixture is extracted with brine and DCM and the organic phase is dried over MgS04 and the
solvent is evaporated under reduced pressure. The crude product is purified by column
chromatography with a PE:DCM eluent gradient (5:1 = 4:1), yielding 38 mg of 5,8-1Cz-TTM.

as a green solid (0.030 mmol, 20 %).

HR-MS (MALDI-FTICR): m z! = calc. for CsgH22CligN2%*: 1289.6691, found: 1289.6667;

dm/m = 1.8 ppm.
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2.6 Synthesis of 5,11-1Cz-HTTM;

sz(dba)3
[(‘Bu)sPHIBF,
NaOBu
+ HN NH
toluene, 90 °C, 10 d
44 %

Figure S6: Synthesis of 5,11-1Cz-HTTM..

200mg Br-HTTM (0.334 mmol, 2.3eq.), 37mg 5,11-dihydroindolo[3,2-b]carbazole
(0.146 mmol, 1.0eq.), 23 mg [(‘Bu)sPH]BFs (0.079 mmol, 0.54 eq.) and 57 mg NaO'Bu
(0.589 mmol, 4.0 eq.) are dissolved in 100 mL anhydrous toluene. After adding 35 mg
Pd;(dba)s (0.039 mmol, 0.26 eq.), the reaction mixture is warmed to 90 °C and stirred for ten
days in the dark. After cooling to rt, the mixture is extracted with brine and DCM and the
organic phase is collected, dried over MgS04 and the volatiles are evaporated under reduced
pressure. For purification, column chromatography of the crude product is performed with
4:1 PE:DCM as an eluent. The collected fractions are washed twice with pentane resulting in

82 mg of 5,11-1Cz-HTTM; as a white solid (0.063 mmol, 44 %).

'H NMR (400 MHz, CDCls, 293 K): & = 8.19 (d, 3uu = 7.7 Hz, 2 H), 8.04 (s, 2 H), 7.72 (d,
3Jun = 2.2 Hz, 2 H), 7.59 (d, ¥un = 2.3 Hz, 2 H), 7.52— 7.38 (m, 8 H), 7.37 — 7.28 (m, 6 H), 6.91 (s,
2 H, 27/54) ppm.
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13¢{*H} NMR (151 MHz, CDCls, 293 K): §=141.5, 138.8, 138.6, 138.2, 137.9, 137.5, 136.6, 134.3,
134.0, 130.4, 130.3, 128.7, 128.5, 126.9, 126.8, 124.0, 123.9, 120.8, 120.6, 109.6, 100.2, 50.3

ppm.

HR-MS (MALDI-FTICR): m z! = calc. for CseH24CligN2: 1291.6847, found: 1291.6837;

dm/m = 0.8 ppm.

2.7 Synthesis of 5,11-I1Cz-TTM>

sz(dba);:,
[(‘Bu)sPHIBF,
NaOBu

toluene, 90 °C, 10 d " © Q

15 %

Figure S7: Synthesis of 5,11-1Cz-TTM..

249 mg Br-TTM (0.416 mmol, 2.3 eq.), 47 mg 5,11-dihydroindolo[3,2-b]carbazole (0.182 mmol,
1.0 eq.), 27 mg [('Bu)sPH]BF4 (0.091 mmol, 0.50 eq.) and 70 mg NaO'Bu (0.728 mmol, 4.0 eq.)
are dissolved in 60 mL anhydrous toluene. After the addition of 44 mg Pdx(dba)s (0.048 mmol,
0.26 eq.), the reaction mixture is warmed to 90 °C and stirred for ten days in the dark. The
mixture is allowed to cool to rt and extracted with brine and DCM. The organic phase is dried
over MgS04 and the solvent is evaporated under reduced pressure. The crude product is
purified by column chromatography with 4:1 PE:DCM as the eluent, resulting in 35 mg of a

green solid (27 mmol, 15 %).

HR-MS (MALDI-FTICR): m z! = calc. for CsgH22CligN2%*: 1289.6691, found: 1289.6683;

dm/m = 0.6 ppm.
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3. X-Ray Crystallographic Data

Table S1: Results of crystallographic analysis of 5,7-1Cz-TTM2

Empirical formula CseH22Cl16N2
Formula weight 1409.73
T/K 150.00(14)
Crystal system triclinic
Space group P-1
alh 8.2856(12)
b/A 17.898(2)
c/A 21.953(3)
al° 108.813(11)
6/° 97.313(12)
v/° 93.276(11)
v/A 3039.7(7)
z 2
Pcaic / g cm™® 1.540
u/ mm? 6.978
F(000) 1418.0
Crystal size / mm? 0.26 x 0.07 x 0.03
Radiation

Cu Ka (A = 1.54184)

20 range for data collection / °

7.818 to 146.562

Index ranges

-10sh<7,-22<k<21,-23</<27

Reflections collected

22156
Independent reflections (11740 [Rin: = 0.1930, Rsigma = 0.2999]
Data / restraints / parameters 11740/0/667
Goodness-of-fit on F 0.852

Final R indexes [I1>=20 (/)]

R:1=0.0882, wR, =0.1854

Final R indexes [all data]

R:1=0.1899, wR, =0.2727

Largest diff. peak / hole / e A3

0.59/-0.46

12
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5,7-1Cz-TTM; was crystallized by solvent diffusion of "hexane into a solution of 5,7-1Cz-TTM;
in toluene.

CCDC number 2410919 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

4. Optical Characterization of the Diradicals

Table S2: Absorption maxima (Aabs) and photoluminescence quantum yields ¢ for this work and related donor-
functionalized diradicals in the literature. Aabs and ¢ were measured in cyclohexane or toluene solutions. 27¢]

compound Aps / nm d/% reference
5,7-1Cz-TTM2 641 18 this work
5,8-1Cz-TTM2 661 2 this work
5,11-1Cz-TTM; 674 2 this work
DR1 600 16 2]
Cz4-TTM: 663 2.8 [3]
(TTM-Cz)2-An 617 3 (4]
TTM-mPh-TTM 576 0.6 [5]
(M2-TTM),-CDT 756 0.8 [6]

4.1 Concentration-Dependent UV-Vis Absorption Spectra

08 T T T T T 012 T T T T T
——0.0158 mM I Equation y=a+bx x
00142 mM 011 [Tl No Weing
0.0118 mM [ Slope 691710702 < T14.99
0.8 | B 0.10 | Residual Sum of Squa 521782E-5
0.00948 mM | Pearson's s 0.99931
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*10”
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Figure S8: Left: Concentration-dependent absorption spectra of 5,7-1Cz-TTM2, measured for CH solution at
293 K. Right: Linear fitting of absorption at 641 nm.
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Figure S9: Left: Concentration-dependent absorption spectra of 5,8-1Cz-TTMz, measured in CH at 293 K. Right:

Linear fitting of absorption at 661 nm.
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Figure S10: Left: Concentration-dependent absorption spectra of 5,11-ICz-TTM2 measured in CH at 293 K.
Right: Linear fitting of absorption at 674 nm.

4.2 UV-Vis Absorption Spectrum of Crystals of 5,7-ICz-TTM;

Figure S11: Absorption Spectrum of 5,7-1Cz-TTM: in cyclohexane, before (—) and after (
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4.3 Time-Correlated Single Photon Counting
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Figure S12: Fluorescence decay of 5,7-1Cz-TTMz in CH at 293 K after excitation at 375 nm, including the fit of
exponential decay (blue line).
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Figure S13: Fluorescence decay of 5,8-1Cz-TTMz in CH at 293 K after excitation at 375 nm, including the fit of
exponential decay (orange line).
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Figure S14: Fluorescence decay of 5,11-1Cz-TTM: in CH at 293 K after excitation at 375 nm, including the fit of
exponential decay (purple line).
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4.4 Photostability
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Figure S15: Photostability measurement of TTM. a) Absorption spectra after illumination (Aex = 365 nm,
P =5 W). b) Visualization of change of emission in dependance of time — left: 0 min, middle: 0.03 min, right:
0.05 min.
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Figure S16: Photostability measurement of TTM-Cz. a) Absorption spectra after illumination (Aex = 365 nm,
P =5 W). b) Visualization of change of emission in dependance of time — left: 0 min, middle: 0.5 min, right:

2 min.
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Figure S17: Photostability measurement of 5,7-1Cz-TTM2. a) Absorption spectra after illumination (Aex = 365 nm,
P =5 W). b) Absorption maxima plotted versus time with fit of exponential decay (solid lines). c) Visualization of
change of emission in dependance of time — left: 0 min, middle: 20 min, right: 75 min.
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The half-life was determined by fitting the data with a mono-exponential decay function.

5,7-1Cz-TTM; has t: = 19 min.
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Figure S18: Photostability measurement of 5,8-1Cz-TTM2. a) Absorption spectra after illumination (Aex = 365 nm,
P =5 W). b) Absorption maxima plotted versus time. c) Visualization of change of emission in dependance of
time — left: 0 min, middle left: 20 min, middle right: 30 min, right: 60 min.

Half-life 5,8-1Cz-TTM received from fitting with a mono-exponential decay: t1 = 34 min.
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Figure S19: Photostability measurement of 5,11-1Cz-TTM. a) Absorption spectrum after illumination (Aex = 365
nm, P =5 W) at different time points. b) Absorption maxima plotted versus time. c) Visualization of change of
emission in dependance of time — left: 0 min, middle: 20 min, right: 60 min.

The photodegradation data of 5,11-1Cz-TTM: cannot be fitted with a mono-exponential decay
function after irradiation for 1 hour. The absorption of the sample has not even decayed to
half of the starting value, which is why we can derive that the half-life must be longer than

60 minutes.
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5. DFT and TD-DFT Calculations

5.1 Computational Details

Density functional theory (DFT) computations of the diradicals are performed with Orca
(version 6.0.0). 781 Geometry optimizations are performed using the M06-L [°! functional and
a def2-SVP [1011] hasis set with a Grimme D3 2] dispersion correction and a CPCM solvation
model 3] to simulate a cyclohexane environment. The structures are assumed to be fully
converged if all frequencies are higher than 100 cm™.

Single-point calculations are performed on the converged structures using the PBEQ[!4
functional and a def2-TZVP basis set with a Grimme D3 dispersion correction and a SMD [1°]
solvent model to simulate a cyclohexane environment.

Geometry optimizations and single-point calculations are performed for the open-shell singlet
and the open-shell triplet state. For the open-shell singlet state, a broken-symmetry (BS)
approach is used.

Time dependent density functional theory (TD-DFT) calculations are performed on the
converged geometries using the PBEO functional and a def2-TZVP basis set with a Grimme D3
dispersion correction and a CPCM solvation model to simulate a cyclohexane environment.
The first 50 excited states are calculated, and a natural transition orbital (NTO) analysis is
performed for the first 4 excited states. All calculated absorption spectra are plotted with Orca
using gaussian functions with a full width at half maximum (FWHM) of 1000 cm™™.

DFT calculations of the isolated 1dCz linkers, saturated with hydrogen, are performed with
Gaussian g16.C.01. [*] The structures are optimized in vacuo, employing the restricted PBEO
functional is applied with the 6-31+G(d) basis set. (1718 | The jonization energies IE are
obtained as the difference in total energy of the neutral and cationic species. The energy of
the cations is calculated at the unrestricted PBEO level with the above-described basis sets by

using the optimized neutral structures without re-optimization.
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Table S3: Experimentally and theoretically determined photophysical properties of the diradicals.
Experimentally determined absorption maxima were measured in cyclohexane solutions (10* M). Theoretically
determined absorption maxima for the broken symmetry (BS) singlet and the triplet state (T) were calculated at

PBEO-GD3/def2-TZVP level of theory with a CPCM solvation model to simulate a cyclohexane environment.
HOMO Energies and ionization energies /E of the isolated ICz donors calculated at the PBE0/6-31+G(d) level of

theory (in vacuo).

E(HOMO) Aabs,theo (BS)/ Aabs,theo (T)/
Compound IE/ eV | Azpsexp/ NM
/ eV nm nm
5,7-1Cz-TTM; -5.52 6.80 641 660, 598 640
5,8-1Cz-TTM; -5.43 6.76 661 662 643
5,11-1Cz-TTM; -5.40 6.70 674 673 653
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5.2 Simulated Absorption Spectra
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Figure S20: Simulated absorption spectra of (P,P)-5,7-1Cz-TTMz including oscillator strengths (green) at the
PBEQO/def2--TZVP, GD3 level of theory. Left: Triplet, right: Broken-symmetry singlet.
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Figure S21: Simulated absorption spectra of (P,M)-5,7-1Cz-TTM: including oscillator strengths (green) at the
PBEQ/def2-TZVP, GD3 level of theory. Left: Triplet, right: Broken-symmetry singlet.
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Figure S22: Simulated absorption spectra of 5,8-1Cz-TTM: including oscillator strengths (green) at the
PBEO/def2-TZVP, GD3 level of theory. Left: Triplet, right: Broken-symmetry singlet.
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Figure S23: Simulated absorption spectra of 5,11-1Cz-TTM: including oscillator strengths (green) at the
PBEQ/def2-TZVP, GD3 level of theory. Left: Triplet, right: Broken-symmetry singlet.
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Figure S24: Experimental (solid lines) and calculated absorption spectra of the triplet (dashed lines) and
open-shell singlet (dashed dotted lines) state of (P,P)-5,7-1Cz-TTM: (left) and (P,M)-5,7-1Cz-TTM: (right).
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Figure S25: Experimental (solid line) and calculated absorption spectrum (dashed line) of 5,7-ICz-TTM2. The
calculated spectrum results from the combination of the triplet and open-shell singlet spectra of both (P,M)-
5,7-1Cz-TTM: and (P,P)-5,7-1Cz-TTM..
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Al nm Al nm

Figure S26: Experimental (solid lines) and calculated absorption spectra of the triplet (dashed lines) and open-
shell singlet (dashed dotted lines) state of 5,8-1Cz-TTM: (left) and 5,11-1Cz-TTM3 (right).

5,7-1Cz-TTM, 5,8-ICz-TTM, 5,11-ICz-TTM,

BS singlet

triplet

Figure S27: A spin density map for 5,7-, 5,8-, and 5,11-1Cz-TTM: obtained with the PBEO-GD3zero/def2-TZVP
level of theory with a CPCM solvation model to simulate a cyclohexane environment. (isovalue = 0.0004).

For further results of the calculations, please look up on Zenodo.org: DOI:
10.5281/zeno0do0.15488688.
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6. EPR Measurements

The EPR spectrum of Br-TTM was measured at 293 K using a Bruker e-scan operating in the
X-band (9.83 GHz) with quartz EPR tubes. For this measurement, the modulation frequency
was set to 86 kHz and the modulation amplitude to 0.096 mT at a microwave power of
52.7 mW (17 dB). Field correction was performed using solid 2,2-diphenyl-1-picrylhydrazyl
(DPPH) as a standard (g = 2.0036). The LANDE-factor of Br-TTM results in g = 2.0048.

dy' 1 dB,

-1.0 | E

3460 3480 3500 3520 3540
By/mT

Figure S28: EPR spectrum of Br-TTM (solid, 293 K).

6.1 EPR Setup

Electron Paramagnetic Resonance (EPR) measurements of the diradicals were performed at
the X-band (9.75 GHz) in quartz EPR tubes with an outer diameter of 3.8 mm (inner diameter
of 3 mm), and at the Q-band (34 GHz) in quartz EPR tubes with an outer diameter of 1.6 mm
(inner diameter of 1 mm).

Continuous wave (cw) EPR spectroscopy was performed on a Bruker ELEXSYS E580 EPR
spectrometer equipped with a Bruker ER4118X-MD5 (X-Band) resonator. Measurements were
carried out in liquid toluene solution at room temperature and in frozen toluene solution at
80 K using an Oxford Instruments nitrogen gas-flow cryostat (CF 935). The recorded spectra
were frequency-corrected to 9.75 GHz and field-corrected using a carbon fiber standard with
g = 2.002644.19

Variable-temperature continuous wave (cw) EPR spectroscopy was performed on a Bruker
ELEXSYS E500 EPR spectrometer using liquid helium. The sample was stabilized for one hour
at 5 K and subsequently for 20 minutes at each temperature. For measurements of the half-

field line the modulation frequency was set to 100 kHz and the modulation amplitude to
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0.2 mT at a microwave power of 20.24 mW (10 dB). The recorded spectra were background-
corrected and frequency-corrected to 9.75 GHz.

Pulse EPR spectroscopy was performed on a Bruker ELEXSYS E580 EPR spectrometer equipped
with a Bruker EN45107D2 (Q-Band) or a Bruker ER4118X-MD5 (X-Band) resonator.
Measurements were carried out at 80 K using an Oxford Instruments nitrogen gas-flow
cryostat (CF 935). Electron spin echo (ESE) detected field sweep spectra were recorded at the
Q-Band using the Hahn-echo sequence, /2 — 7 — 1t — T — echo, with a 32 ns nt-pulse. The field-
swept PEANUT measurement was performed at the X-Band using the PEANUT pulse sequence,
(n/2, x, 60 ns) — T — (HTA, x, t) — (HTA, -x, T-t) — T — echo, 223l where the first entry refers to
the style of pulse, the second refers to the phase of the pulse and the third refers to the pulse
length. The high-turning-angle (HTA) pulse is subdivided into two parts that differ in phase by
n. 2231 A t/2-pulse of 60 ns is used in the measurement, to achieve narrow excitation and
therefore fine resolution of the nutation frequencies in field dimension. The recorded data
were frequency-corrected to 9.75 GHz and field-corrected using a carbon fiber standard with

g = 2.002644.1°]

6.2 EPR Characterization of the Diradicals
The in solution X-Band EPR measurements result in the isotropic LANDE-factors g1 = 2.0034,

g2 = 2.0036 and g3 = 2.0036 for 5,7-, 5,8- and 5,11-1Cz-TTM,, respectively.

W by =

dx” /dBy

340 342 344 346 348 350 352 354
Bo f mT

Figure S29: EPR spectra of 5,7-, 5,8- and 5,11-ICz-TTM: in liquid toluene solution at 293 K.

The frozen solution spectra of 5,7-1Cz-TTM2 shown in the main part were simulated using
EasySpin (v6.0.5) (18] in MATLAB (VR2023b). The powder spectra of the triplet species were

simulated using the function ‘pepper’. The simulations were globally fitted to the
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experimental X- and Q-Band spectra using the ‘esfit’ function and the NELDER-MEAD simplex

algorithm. The resulting simulation parameters are summarized in Table S4.

Table S4: Simulation parameters for the triplet species of 5,7-1Cz-TTM2 and the monoradical impurity

5,7-1Cz-TTM; impurity
S 1 )
g [2.0026, 2.0042, 2.0037] 2.0035
|D| / MHz 125.2 -
|E| / MHz 5.5 -
HStrain_X [/ MHz [18, 18, 18] -
HStrain_Q / MHz [21, 24, 34] -
Ilwpp [ mT - 0.5

The EPR spectra of 5,7-, 5,8- and 5,11-ICz-TTM2 may also be simulated as a coupled spin

system consisting of two spin S =%. For compound 5,7-1Cz-TTM: the value of the exchange

coupling constant J determined by variable temperature EPR is used in the simulation. J could

not be determined for the other two compounds 5,8-1Cz-TTM; and 5,11-ICz-TTM,, using this

method, and is assumed to be zero for the realization of the simulation. The spectra are shown

in Figure S30 and the simulation parameters are summarized in Table S5.
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Figure S30: Experimental cw X-band EPR spectra (left) and electron spin echo (ESE) detected Q-band EPR
spectra of 5,7- (top, turquoise), 5,8- (mid, orange) and 5,11-1Cz-TTM: (bottom, purple) measured at 80 K in
frozen toluene solution with simulations (black) using a coupled spin system for each compound. The
simulation parameters of the simulations are summarized in Table S5.

Table S5: Simulation parameters for the coupled spin system simulation of 5,7-, 5,8- and 5,11-1Cz-TTM.

5,7-1Cz-TTM, 5,8-1Cz-TTM, 5,11-1Cz-TTM,
S [%; %] [%%; %] [%%; %]
[2.0027, 2.0043, 2.0034; |[2.0020, 2.0053, 2.0032;|[2.0038, 2.0053, 2.0036;
g 2.0022, 2.0043,2.0042] | 2.0031, 2.0057, 2.0019] | 2.0028, 2.0062, 2.0019]
J/ MHz 130320 0 0

dip / MHz [83.4,-10.2] [22.3,-2.2] [17.5,-1.7]

HStrain_X / MHz [18, 18, 18] [13, 13, 16] [14, 15, 15]

HStrain_Q / MHz [20, 20, 35] [20, 35, 20] [20, 25, 35]
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The dipolar interaction is characterized by the axial (dipax) and rhombic (dipm) dipolar
interaction parameters, which correspond to the first and second entry given in Table S5,
respectively. The axial dipolar coupling can be considered the strength of the dipolar
interaction and is proportional to the inverse cube of the distance d between the two radical
centers, while the LANDE-factors are approximately taken to be isotropic (giso=(gx+gy+g:)/3) for

each of the coupled spins (ga, gs):?*

dip. = MoHBgags 1
Pax amh  d3

where po is the permeability of the vacuum, us the BoHR magneton and h is PLANCK’s constant,
which is used here because dipax is given in frequency units (Hz). Using the simulation
parameters in Table S5 allows the determination of the inter-spin distances presented in the

main part (Table 1). The following serves as an example calculation for 5,7-1Cz-TTM,.

di Mo i - 2.0035 - 20036 1 5.2104-1072° Hzm?
tPax = AT h FERS a3

= 0.85 nm

3 52.104 MHz nm3
- 83.4 MHz

6.3 Variable-Temperature EPR evaluation
The temperature-dependent signal intensities of the half-field transition (Amg; = +2) were

fitted using the relation: [20-23!

29%ug? 1 -1
1 —_ .
3kgT [ +3ekaBT]

where [ is the signal intensity (obtained from numerical double-integration, cf. Figure 4b), g

the isotropic LANDE-factor of the triplet species, us the BOHR magneton, ks the BOLTZMANN
constant, T the temperature and J the exchange coupling constant. Here the prefactor —1 is
used in the definition of the exchange coupling Hamiltonian (ﬁ] = —J 515, ). Using this
definition, the singlet-triplet energy gap corresponds to the absolute value of J (AEst = | ] |),
positive values of J correspond to ferromagnetic coupling (Es > Et) and negative values
correspond to anti-ferromagnetic coupling (Es < Et). Note that varying definitions of ﬁ] are
used throughout the literature which differ in the prefactor to J. Careful care must be taken

when comparing literature values.
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Figure S31: Numerically integrated temperature-dependent X-Band EPR spectra of the half-field transition of
compound 5,7-1Cz-TTM: after background correction. A second numerical integration yields the area value
used as a measure for the signal intensity.

Integrated EPR Signal

6.4 Additional PEANUT data

The field-swept PEANUT experiment vyields oscillatory signals shown in Figure S32. Fourier
transformation yields the frequency-domain dataset (Figure 4c), where the frequency axis was
normalized by the reference frequency obtained from the residual signal of a monoradical

impurity at 347.7 mT.

t/ns

346 348 346 348

By /mT By / mT

Figure S32: Frequency and field corrected raw data of the field-swept PEANUT experiment of compound 5,7-
ICz-TTM,, before (left) and after (right) background correction.
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7. Mass and NMR Spectra
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Figure $33: Left: HRMS MALDI FTICR spectrum of 5,7-1Cz-HTTM. (Matrix: DCTB). Upper right: Experimental
spectrum in the range of m z = 1282.5 — 1305.5. Lower right: Calculated spectrum in the range of
mz'=1282.5-1305.5.
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Figure S34: Left: HRMS MALDI FTICR spectrum of 5,7-1Cz-TTM2 (Matrix: DCTB). Upper right: Experimental
spectrum in the range of m z' = 1282.0 — 1302.5. Lower right: Calculated spectrum in the range of
mz'=1282.0-1302.5.
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Figure $35: Left: MALDI FTICR spectrum of 5,8-1Cz-HTTM: (Matrix: DCTB). Upper right: Experimental spectrum
in the range of m z1 = 1280.0 — 1302.5. Lower right: Calculated spectrum in the range of m z1 = 1282.5 -
1302.5.
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Figure S36: Left: MALDI FTICR spectrum of 5,8-1Cz-TTMz (Matrix: DCTB). Upper right: Experimental spectrum in
the range of m 21 = 1282.0 — 1302.5. Lower right: Calculated spectrum in the range of m z1 = 1282.0 — 1300.5.
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Figure S37: Left: HRMS MALDI FTICR spectrum of 5,11-1Cz-HTTM: (Matrix: DCTB). Upper right: Actual spectrum
in the range of m z1 = 1282.5 — 1302.5. Lower right: Calculated spectrum in the range of m z1 = 1282.5 -
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Figure S38: Left: HRMS MALDI FTICR spectrum of 5,11-1Cz-TTM2 (Matrix: DCTB). Upper right: Experimental
spectrum in the range of m z1 = 1282.5 — 1302.5. Lower right: Calculated spectrum in the range of
mz'=1282.5-1302.5.
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Figure $39: *H NMR spectrum of a (600 MHz, CDCls, 293 K).
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Figure S40: 3C{*H} NMR spectrum of a (151 MHz, CDCls, 293 K).
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Figure S41: *H NMR spectrum of b (600 MHz, CDCls, 293 K).

77.37 CDCI3
77.16 CDCI3
176.95 CDCI3

134.95
132.89
132.70
132.59
132.12
132.08
130.12
129.93
1129.68
122.45
“77.16 CDCI3
—55.52
—1.17

/

CHCl,

T T T T T T T T T T T T T T T T T T T 1

100 90 80 70 60 50 40 30 20 10 (
3 (ppm)

130 120 110

Figure S42: 3C{*H} NMR spectrum of b (151 MHz, CDCls, 293 K).
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Figure S43: 'H NMR spectrum of Br-HTTM (600 MHz, CDCls, 293 K).
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Figure S44: 3C{*H} NMR spectrum of Br-HTTM (151 MHz, CDCls, 293 K).
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Figure S46: *H NMR spectrum of 5,7-1Cz-HTTM2 (600 MHz, CD2Cl, 293 K).
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Figure S47: 3C{*H} NMR spectrum of 5,7-1Cz-HTTM2 (151 MHz, CD2Cl,, 293 K).
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Figure S50: *H NMR spectrum of 5,8-1Cz-HTTM: (400 MHz, CD2Cl, 293 K).
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