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1.0 Information for Triplet Photosensitizers

Table S1. Comparison of clinically approved PDT photosensitizers in oncology with helical-

BDP in this paper.[1]

Aabs(nm)?  g(cm M 1) Drugdosec Light dose?

Profimer sodium (Photofrin, HPD) 630 1170 1.5-2.5 50-500
ALA (precursor of PplX) 635 <5000 30-60 -
Temoporfin (Foscan) (mTHPC) 652 30000 0.1 10
Talaporpin (NPe6) 664 40000 2.5 -

SnEt2 (Purlytin) 660 1.2 200
Lutetium Texaphyrin (Lu-tex) 732 0.6-7.2 150
Padoporfin (Tookad) 762 108600 2 23
Silicon phthalocyanine (Pc 4) 675 1 135
helical-BDP 630 176000 0.00025 6

@ Maximum absorption wavelength. » Molar extinction coefficient. ¢ Drug dose, in mg/kg body

weight. ? Light dose, in ] /cm?.
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Table S2. Comparison of triplet lifetime of heavy atom (I, Br) and heavy atom-free long

wavelength triplet photosensitizers.

Structure Triplet lifetime Reference
tr=1.7 pus J. Mater. Chem. C, 2014, 2, 3900-3913
tr=72us Org. Lett, 2012, 14, 2594-2597
=391 ps Chem. Commun., 2020, 56, 1721-1724
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tr=0.5ps

tr =83 us
I/R TT = 0.4 Us
O.N_O
RS
r
9@
O” N0
kR
tr =106 ps

Chem.—Eur. ], 2012, 18,12655-12662

Chem. Commun., 2012, 48, 206-208

J. Phys. Chem. C,2016,120,10162-10175

Chem. Commun., 2012, 48, 3751-3753
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Table S3. Typical heavy atom-free triplet photosensitizers with different ISC mechanisms.

ISC mechanism

Examplar

Comments

Reference

(") = 3(m,7)

Céo as spin

converter

Singlet fission

Energy
matched S1/Tx

Radical
enhanced ISC

Spin-orbit
charge transfer

ISC

Radical pair ISC

Small molar extinction
coefficient in visible

light region

Molecular structure is
complicated and with

heavy molecular weight

Low triplet energy level

Molecular structure
Derivatization easily

break energy matching

The ISC efficiency and
molecular structure

relationship is unclear.

The ISC efficiency and
molecular structure

relationship is unclear.

Molecular structure is
complex, synthetic

demanding

Principles of molecular
photochemistry:  an

introduction, 2009

Org. Lett, 2012, 14,
2594-2597

Chem. Rev., 2010, 110,
6891-6936

Principles of molecular
photochemistry:  an

introduction, 2009

J.Am. Chem. Soc.,2017,
139,7831-7842

J.Am. Chem. Soc.,2017,
139, 6282-6285

J. Phys. Chem. B, 2006,
110,25163
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Table S4. Comparison of helical-BDP-NPs and literature reported triplet photosensitizers

for PDT augmented checkpoint blockade immunotherapy.

PSs ICs0(uM) Drugdose@  Lightdose? Reference
helical-BDP 0.012 0.00025 6 This manuscript
Ceb — 7.9 (i.v.) 30 Biomaterials, 2019, 223,
119469
- 5 (iv.) 72 ACS Nano, 2019, 13,
10242
— 6 (iv.) 18 Adv. Funct. Mater., 2019,
29,1902440
Pheophoribide A 0.24 1.6 (iv.) 65 Biomaterials, 2019, 217,
119309
pyrolipid 0.42 6 (iv.) 180 J. Am. Chem. Soc., 2016,
138, 16686
1.4 (iv.) 180 Nat. Commun., 2016, 7,
12499
IRDye 700 >>0.1 - 70 Mol. Pharmaceutics,
2019, 16,339
Porphyrin ~0.1 - 600 Nanoscale, 2018, 10,
16738
510,15,20-tetra(p- 2.6 7.9 (in situ) 45 J. Am. Chem. Soc., 2018,

benzoato)porphyrin

140,5670

2 Drug dose, in mg/kg body weight. ? Light dose, in ] /cm?
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2.0 Optical Spectra
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Figure S1. Normalized fluorescence emission spectra of BDP (Aex = 470 nm) and helical-

BDP (Aex =570 nm). ¢ =1.0x10-> M in DCM, 20 °C.
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Figure S2. Decay trace of helical-BDP at 610 nm. Aex = 628 nm. ¢ = 3.1 x 1077 M in aerated

DCM, recorded in the co-linear measurement mode of the LP980 ns-TA spectrometer. 20 °C.
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3.0 Intrinsic Triplet Lifetime

When the intrinsic lifetime of the triplet states is long and the concentration of the triplet
states is high, triplet-triplet annihilation is an additional contribution to the decay of the
transient absorption.[2] The corresponding differential equation for the triplet

concentration!3!

—_— = —k1CT _— kZC.I% (Eq. S].)
which has the solution as:

Coky
exp(k;t) - (cok, + ki) — coky

cr(t) = (Eq.S2)

Where ¢p is the initial triplet concentration. This leads to the following expression for the

transient absorption

A(t) =

(Eq.S3)
exp(%) ' (1 +;—i) -1
Where Ay is the initial transient absorption, t1 = 1/Kk; is the intrinsic (unimolecular) lifetime
of the triplet, and t2 = 1/cokz, which is the reciprocal of the initial concentration of triplets
times the bimolecular rate constant of triplet triplet annihilation. We fitted the data sets
(Figure S3a and S3b) of helical-BDP simultaneously by Eq. S3, with variation of all
parameters (Ao, t2), but with the intrinsic triplet lifetime (t1) constrained to the same value

in all data sets.

The intrinsic triplet lifetime of helical-BDP is fitted to be 492 ps.
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Figure S3. Triplet lifetimes of helical-BDP in deareated toluene in different concentrations
(@A) c=1.3x10"°M (b) c=3.1 x 1077 M. The triplet lifetime values in each panel is fitted by
LP900 software.
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4.0 Calculation of Triplet Quantum Yield

The triplet quantum yield was determined by triplet-triplet energy transfer (TTET)
method, using styryl-Bodipy as the triplet energy acceptor.!

@sam — gref AAsam x fref Eq. S4
T T AAres fsam ( q )

Where superscripts sam and ref designate sample and reference compound, respectively.
@r is the triplet quantum yield, AA is the transient absorption of the acceptor triplet formed

by energy transfer from the donor, fis the triplet-triplet energy transfer efficiency.

Table S5. The value of the parameter.@

A 0.D. kobs / 106571 ko/ 106s! Dr
helical-BDP 0.0095 0.0685 0.0123 0.52°
Methyl Blue 0.0093 0.1515 0.0217 0.50

@The transient absorbance (A 0.D.) of the styryl-BDP triplet, which was formed by energy
transfer from helical-BDP or Methyl Blue triplet state, was monitored at 380 nm. kobs is the
pseudo-first-order rate constant for the growth of the styryl-BDP triplet, and ko is the rate
constant for the decay of the donor triplets (in the absence of styryl-BDP) in solutions that
contained helical-BDP or Methyl Blue at the same absorbance at the excitation wavelength.

@r stands for triplet quantum yield. ? Calculated by Eq. S4. TTET efficiency is estimated to be

Kobs
kobstko
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Figure S4. Nanosecond transient absorption spectra: (a) Decay trace of helical-BDP at 630
nm in DCM. (b) Decay trace of Methyl Blue at 600 nm in methanol. (c) Decay trace at 380
nm for helical-BDP mixed with styryl-BDP in DCM. (d) Decay trace at 380 nm for Methyl
Blue mixed with styryl-BDP in methanol. The solutions in each figure show the same
absorbance (0.35) at the excitation wavelength (Adex = 601 nm), and the styryl-BDP is of the
same quantity (¢ = 1.0 x 107> M). 20 °C.
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5.0 TTA Upconversion Set-up and Quantum Yield

A continuous diode pumped solid-state laser (635 nm) was used as the excitation source for
the upconversion. The laser spot was 1 x 6 mm2, and power of the laser beam was measured
with VLP-2000 pyroelectric laser power meter. For the upconversion experiments, the
mixed solution of the triplet photosensitizer and triplet acceptor was degassed with N for
at least 10 min, and gas flow was kept on during the measurement. The solution was excited
with the laser, and the upconverted fluorescence was recorded with either a RF 5301PC
spectrofluorometer or fiber spectrometer. In order to repress the laser scattering, a small
black box was put behind the fluorescent cuvette to dump the laser. As there is strong inner
filter effect due to the strong absorption of helical-BDP, a fiber was used to detect the

strongest upconversion part in the edge (the set up is shown in Figure S5).

OkNHo og 0N O

O O O
() CCC
<4—— Excitation O‘O O‘O 00 I

/ O HNW O Y\O O O
PBI perylene Solvent Green 5 1CBPEA
Er~1.15eV Er~1.53 eV Er~1.20eV

Fiber detection

Figure S5. The set up for triplet-triplet annihilation (TTA) upconversion used in this study

and the molecular structures of the acceptors.
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Figure S6. (a) Upconversion of helical-BDP and PBI. Excited with 635 nm cw-laser (250
mW/cm?). c[helical-BDP] = 5.0 x 107® M, ¢[PBI] = 2.0 x 10™* M, in deaerated DCM. The
fluorescence of helical-BDP was divided by 60, due to the much stronger fluorescence
emission of helical-BDP (®r = 21%). The spike marked with ‘*’ is due to the scatter of laser.
(b) Photographs of the mixture of helical-BDP and PBI under air and N; atmosphere. A 490
— 600 nm bandpass filter was used before the camera. (c) Integrated upconversion intensity
plotted as a function of incident power density. The transition threshold (/i) between the

quadratic and the linear ranges is determined to be 167 mW/cm?.
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Figure S7. (a) Upconversion spectrum of helical-BDP with PBI (in deaerated DCM) and the
emission of Methyl Blue (in MeOH) in same condition (Excited with 635 nm cw-laser (250
mW/cm?)). (b) Upconversion spectrum of helical-BDP with PBI in deaerated DCM, in air
and in N2. c[helical-BDP] = 5.0 x 107¢ M, c[PBI] = 2.0 x 10~* M. The ‘*’ is due to the scatter of

laser.
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The triplet triplet annihilation upconversion quantum yield of the triplet photosensitizers
were calculated according to literature method.[>! The upconversion quantum yield (@uyc)
was determined using the prompt fluorescence of Methyl Blue (@r = 3% in MeOH) as the
standard.l®! The upconversion quantum yield was calculated with following Eq. S5, where
@yc, A, I, and 7 represent the upconversion quantum yield, absorbance, integrated
photoluminescence intensity, and refractive index of the solution. The subscripts sam and
ref stand for sample and reference compound respectively. The equation is multiplied by a
factor of 2 so as to set the maximum quantum yield to unity. The parameters for the

upconversion quantum yield are shown in Table Sé6.

—_10-Are 2
By = 2 X Bpop x S2m x 1710 T ("Sam) (Eq. S5)

Ivef 1-10~4sam Nref

Table S6. The value of the parameter.

A 1a D
Methyl Blue 0.037 1.69x106 Dr=3%"?
helical-BDP 0.708 1.90x10° ®uyc=0.8%¢

@ Integrated photoluminescence intensity, calculated from Figure S7a; ? Fluorescence

quantum yield; ¢ Upconversion quantum yield.
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6.0 Photodynamic Therapy

Chemicals: Poly(styrene-co-maleic anhydride), cumene terminated Mn = 1900, PEG2000-NH>
octadecylaminete, trahydrofuran (THF), trimethylamine (TEA), N, N-dimethylformamide
(DMF) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water was
prepared by using a Millipore Simplicity System (Millipore, Bedford, USA). All the above-

mentioned chemicals were used as-received without further purification.

Scheme S1. The synthesis process of the polymer PSMA-PEG-0A.

—_— S5
C4gH37NH;

An 50 mL dried round flask was charged with PSMA (160 mg), PEG2000-NH2 (200 mg) and 30
mL dry THF. This flask was stirred under nitrogen and heated at 70 °C for 5 h. Then the
octadecylamine (26 mg) was dissolved in dry THF (5mL), and slowly dropwise in 30 min.
This reaction continues to stir for 5 hours at 70 °C. After the end of the reaction, use Hinsberg
method to detect whether PEG2000-NH2 and octadecylamine is over or not. When all the
amines substrates were consumed, the reaction solution was transfer to a glass tube and

store at 4 °C.

H}ggw

s 9@ T
IJJ 3 57}3
helical-BDP-NPs

® OOH

helical-BDP

PSAM-PEG-OA

Figure S8. [llustration showing the structure of helical-BDP-NPs.
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Synthesis of helical-BDP-NPs: 0.5 mg helical-BDP, and PSMA-PEG2000-OA (30 mg) were
dissolved in 2 mL THF, and then 10 mL PBS buffer (pH = 7.24) were added. The mixture
solution stirred in 40 °C for 2 h. The reaction mixture was cooled to room temperature and

dialysis in DI water for 24 h. The helical-BDP-NPs were stored at 4 °C.

Loading percentage of helical-BDP in nanoparticles: After PSMA-PEG-OA encapsulated
the helical-BDP, the helical-BDP-NPs was centrifuged (12000 x g), the precipitate was
collected and then dissolved in DMF. The concentration was determined by UV-vis
absorption spectra. The difference in absorption peak of helical-BDP before and after
loading gives the mass of dye incorporated into the nanoparticles and can be calculated
based on the standard curve created from the absorption spectra of standard helical-BDP

solutions.
Entrapment efficiency (%) = weight of dye in nanoparticles/weight of dye fed initially x 100.

Characterization: UV-vis spectra were recorded on an Agilent Cary-5 spectrophotometer.
Steady-state fluorescence spectra were measured on a HaiTech F-7000 fluorescence
spectrometer (Xe lamp 500 W). The morphology of the helical-BDP-NPs nanoparticles was
characterized by using a JEOL JEM-200CX transmission electron microscope (TEM) operated
at 80 kV. The sample for TEM measurement was prepared by dropping the solution onto a
carbon-coated copper grid, and 10 % sodium phosphotungstate aqueous solution negative
staining the nanoparticles. The particle size of helical-BDP-NPs was measured by using
dynamic light scattering (DLS) with a Zetasizer nano series analysis, the excitation

wavelength is 532 nm.

Singlet oxygen generation under red LED irradiation: The singlet oxygen generation
process was monitored by measurement the fluorescence of SOSG (Aex = 450 nm). The
mixture of helical-BDP-NPs (100 nM, 2mL PBS buffer) and SOSG (5 uM) was irradiated
under 656 nm LED (5 mW/cm?). At the same time, the change of the fluorescence of SOSG is

detected from O to 30 min.

Cell culture: Mice colon cancer (CT26 cell lines) and mice breast cancer cells (4T1 cell lines)

were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine
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serum (FBS), 100 pug mL-! streptomycin, and 100 U mL-? penicillin at 37 °C in a humidified
incubator containing 5% CO; and 95% air. The medium was replenished every other day and

the cells were subculture after reaching confluence.

Fluorescence imaging observed the cell uptake of helical-BDP-NPs: 100000 CT26 cells
were planted to 35 mm confocal dish, and then incubated for other 12 hours. 100 nM helical-
BDP-NPs was added into the 35 mm confocal dish. Then the intensity of intracellular
fluorescence was measured at different time points (10, 30, 60, 90, 120, 180, 240 min) by
laser scanning confocal microscope (Aex = 630 nm). The fluorescence intensity in the cells

was quantitatively analyzed (20 cells at each time point).

In vitro studies of helical-BDP-NPs mediated PDT in CT26 and 4T1 cell lines: The CT26
or 4T1 cells were planted in 96 well plate (1000 per well). After 24 hours, the helical-BDP-
NPs (0, 6.25, 12.5, 25, 50, 100 nM) was added and continued to incubated 4 hours at 37 °C
and 5% COz. Then the cells were irradiated by using a red 656-nm LED for 60 min (5 min, 20
mW cm-2). After irradiation the cells were again incubated for 24 h. Then, 20 pL of 5 mg mL-
L MTT solution in pH 7.4 PBS was added to each well. After 4 h incubation, the medium
containing unreacted MTT was removed carefully, and 150 pL. DMSO was added to each well
to dissolve the produced blue formazan. After 30 minutes, the optical density (OD) at a
wavelength of 595 nm was measured with a Bio-Rad microplate reader. The percentage of

growth inhibition was calculated with Eq Sé.
Cell viability (%) = OD value test/OD value control x 100 % (Eq Sé6).

SOSG monitor the production of singlet oxygen in cells under red light irradiation: 10°
CT26 cells were planted to 35 mm confocal dish, and then incubated for other 12 hours. The
mixture of helical-BDP-NPs (100 nM) and SOSG (5 puM) was added into the 35 mm confocal
dish and incubated for 4 hours. After 5 min red LED irradiation (20 mW/cm2, 656 nm), the
fluorescence of SOSG was measured in the cells by laser scanning confocal microscope (Aex =
488 nm). The singlet oxygen quantum yield of helical-BDP-NPs in PBS buffer was
determined with Methyl Blue (®A = 60% in water) as the standard.
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Propidium lodide (PI) and Calcein A.M. staining the dead and living cells: The CT26
cells (1 x 10°) per well were seeded on a confocal dish (35 mm) and incubated in complete
medium for 12 h at 37 °C. The medium was then replaced with fresh culture medium
containing helical-BDP-NPs (100 nM), to incubate for 4 hours at 37 °C. The cells were
irradiated with red 656 nm LED for 5 min (20 mW cm-2). After irradiation the cells were
again incubated for 24 h. Afterward, the cells were stained with Pl and calcein A.M. according
to the manufacturer’s instruction. After 20 min, the solution was removed and PBS was used
to wash cells at least three times. The dead cells were visualized with a laser scanning
confocal microscope (40 x oil objective), excitation wavelength was 549 nm, emission
detection wavelength region was 580-620 nm. The living cells were also observed; the

excitation wavelength was 488 nm, the emission was 500-550 nm.

Flow cytometry test the immune cells: The respective animal protocol has been
approved by University of Massachusetts-Medical School. The spleen and tumor (right and
left side) were isolated from the mice after different treatments. The tumor tissue was
divided into small pieces, treated with 1 mg ml-! collagenase I (Gibco) for 1 h at 37 °C and
ground using the rubber end of a syringe (BD, 10 mL syringe). Cells were filtered through
nylon mesh filters (Corning, cell strainer, 70 um nylon). The single cells were collected by
centrifugation (800 x g, 5 min), the blood cells in the tumor tissue was eliminated by cold
NH4Cl lysis. The single suspensions tumor cells were washed by cold PBS containing 2 % FBS.
In order to single suspensions immune cells from spleen, we grinded the spleen and cells
were filtered by nylon mesh filters. The blood cells were lysis by twice NH4Cl solution, and
then washed with cold PBS containing 2% FBS. The tumor cells and immune cells from
spleen were stained with fluorescence-labeled antibodies PerCP-Cy™5.5 Hamster Anti-
Mouse TCR f chain (BD bioscience, clone H57-597, catalog No.560657), PerCP-Cy™5.5 Rat
Anti-Mouse CD3 Molecular Complex Clone (BD bioscience, catalog No.560527), Pacific Blue™
Rat Anti-Mouse CD45R (clone RA3-6B2, BD bioscience, catalog No. 558108), PE-Cy™7 Rat
Anti-Mouse CD4 (Clone GK1.5, BD bioscience, catalog No.563933), PE Rat Anti-Mouse
CD8a (Clone 53-6.7, BD bioscience, catalog No. 553032), APC Mouse Anti-Mouse NK-1.1
(Clone PK136, BD biosciences, catalog No.561117), FITC Rat Anti-Mouse CD44 (Clone IM7,
BD biosciences, catalog No. 561859) , APC-Cy™7 Rat Anti-Mouse CD62L (Clone MEL-14, BD
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biosciences, catalog No.560514) following the manufacturer's instructions. All antibodies
were diluted 200 times. The stained cells were measured on a CytoFLEX flow cytometer

(Beckman) and analyzed by Flow]o software (version 10.0.7, TreeStar).

Statistical analyses: The results are showed as the mean * standard error of the mean
(s.e.m.), Moreover, Student’s t-test was used for two-group comparisons. The Origin 9.0 was

used to all statistical analyses. The threshold for statistical significance was ***p < 0.001, **p

<0.01, or *p < 0.05.
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Figure S9. UV-Vis absorption changes for the 1,3-diphenylisobenzofuran (DPBF, 10;
scavenger) with (a) helical-BDP (tr = 492 ps) (b) sty-IBDP (tr = 1.7 ps) as triplet
photosensitizers in hypoxia atmosphere (0.2% 02) and normal atmosphere (in air, 21% 02)
in DCM. The time interval of each spectrum is 30 s (irradiation time), except for the hypoxia
region in (b) where the time interval is 60 s. The increase of the absorption in the 600-700
nm range is due to the evaporation of DCM. Note that for the determination of ®,, the same

amount of DPBF was used for hypoxia atmosphere and normal atmosphere.
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Figure $10. (a) The hydrodynamic diameter of helical-BDP-NPs in PBS via dynamic light
scattering (DLS). (b) TEM image of helical-BDP-NPs stained by (10%) sodium

phosphotungstate, scale bar represents 200 nm.
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Figure S11. SOSG monitor 102 generation for helical-BDP-NPs in PBS buffer. (a) helical-
BDP-NPs (c =100 nM) and SOSG (¢ = 5 pM); (b) only SOSG (¢ = 5 uM). Irradiation condition:
656 nm LED, 5 mW/cm?2.
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hv (-) hv (+) hv (-) hv (+)
helical-BDP-NPs (-) helical-BDP-NPs (-) helical-BDP-NPs (+) helical-BDP-NPs (+)

Figure S12. SOSG monitor singlet oxygen generation intracellular CT26 in different

conditions. 656 nm LED irradiation, light dose: 6 J/cm?2. Scale bar is 50 um.

helical-BDP-NPs(-) helical-BDP-NPs(+) helical-BDP-NPs(-) helical-BDP-NPs(+)
hv(-) hv(-) hv(+) hv(+)

Figure S13. Calcein AM/propidium iodide (PI) staining cells to differentiate living or dead
cells under different conditions. Capture wavelength of the fluorescence of PI (580 — 630
nm), dex = 561 nm; capture wavelength of the fluorescence of AM (480 — 520 nm), Aex = 476
nm. c[helical-BDP-NPs] = 100 nM. Irradiation by 656 nm LED, light dose: 6 ] /cm?, 20 °C. The

scale bar represents 100 pum.
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Figure S14. Comparison of cell viability of 4T1 cells pre-treated with increasing doses of (a)
helical-BDP-NPs and (b) IRDye 700DX with and without light irradiation. (c) Molecular
structure of IRDye 700DX. Irradiation condition: 656 nm for helical-BDP-NPs and 710 nm
for IRDye 700DX, light dose: 6 J/cm?2. 20 °C.
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Figure S15. (a) Cell uptake of helical-BDP-NPs process by confocal microscopy observed
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for 240 min. Aex = 561 nm, scale bar: 40 um. (b) Quantitative analysis of the fluorescence

intensity of intracellular helical-BDP, n = 10 ~ 15 cells.
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Figure S$S16. Analysis the immunity cells of spleen. (a) the percentage of B cells; (b) the

percentage of T cells; (c) the percentage of CD45+ cells; (d) CD4* T cells (e) CD8* T cells in

the spleen; Data are expressed as means # s.d. (n =5). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure S17. Analysis the immunity cells of metastatic tumor and primary tumor. The
percentage of (a) B cells, (b) T cells and (c) CD45+ cells. Data are expressed as means * s.d.

(n=5).*P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure S18. Hydrodynamic diameter of helical-BDP-NPs in PBS buffer for 20 days.
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Figure $19. H&E stained images of tissue sections from different organs of mice. Scale bars:

100 pm.
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Figure S20. Photostability of helical-BDP-NPs in PBS buffer. Power intensity: 20 mW/cm?,
656 nm.
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Figure S21. The concentration of [FN- y in the in-mouse serum under different conditions.
G1 (hv), G2 (anti-PD-L1), G3 (helical-BDP-NPs only), G4 (helical-BDP-NPs + hv), G5
(helical-BDP-NPs + hv + anti-PD-L1).

7.0 Theroretical Computation and Coordinates of Optimized

Geometries

Quantum Chemical Computations. All geometries were optimized with RHF
wavefunctions and cc-pVDZ basis. The RHF molecular orbitals were subsequently used as
the basis for a CAS-CI calculation that yields wavefunctions and energies for the excited
states. The SOC matrix elements were calculated from these wavefunctions with the one-
electron Breit-Pauli operator. All calculations were performed with the Firefly QC package,”]
which is partially based on the GAMESS (US)[8] source code. Vertical excitation energies and
SOC couplings were calculated with a Cl-calculation, using CAS (8,8) for BDP and CAS (12,12)
for helical-BDP. Spin density distribution was obtained using the optimized triplet state
geometry, calculated by DFT//B3LYP/6-31G(d).
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Symmetry selection rules for spin-orbit coupling
The probability of a transition from a singlet state |S) to a triplet state |T) is proportional

to the square of the spin-orbit coupling (SOC) matrix element:
(Smg|HS? | Tmr) (Eq S7).

In this expression, H is the spin orbit coupling operator. It has dimension of energy, and
involves both spatial and spin coordinates. It is invariant against all symmetry operations of
the molecule, i.e. it belongs to the totally symmetric representation [},. The symbols Sand T
represent the spatial wavefunction of the singlet and triplet state, respectively. Their
behavior with respect to symmetry operations are given by the symmetry representations
[ and I;. When both states belong to the same symmetry representation, the product of
the two spatial wavefunctions is totally symmetric. This is in particular the case when both

states originate from the same orbital excitation (e.g. HOMO — LUMO.)

Since the SOC matrix element is an integral over spatial and spin coordinates, the spin-
function of the two states must be included. In the formula these are represented by the
magnetic spin quantum number m. Whereas the only possible value for the singlet state is
mg = 0, the triplet has three spin functions characterized by m; = —1, 0, 1. When zero-field
splitting is accounted for, the eigenstates are usually labeled by m; = x,y, z. (l.e., we must

actually calculate three SOC matrix elements).

As a general rule, an integral like the SOC matrix element vanishes unless the function over
which the integral is formed transforms like the totally symmetric representation. lL.e,, if the
function is antisymmetric with respect to any one symmetry operation, the integral yields
zero. The function in the integral is the product of the spatial wavefunctions, the spin
wavefunctions, and the spin-orbit operator. This product transforms like the product of the

corresponding representations:
FSOC == FS X FmS X FSO X FT X FmT = FO (Eq 58)

This can be evaluated if the symmetry properties of the spin functions in the particular

molecular point group are known. The spin function of a singlet state is totally symmetric,
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and the three spin functions of the triplet state transform like the rotation operators around

the x-, y-, and z-axis.

T =T, (Eq S9)

S
Tor = {Toy Ty T} = Ti (Eq $10)

In the particular case that the spatial wavefunctions of singlet and triplet state belong to the

same symmetry representation, Eq. S8 simplifies to
Tsoc = Iy = To = Tk (Eq S11)

This means: Only those spin-substates of the triplet that transform like one of the three

rotations can couple to the singlet state.

In the point group Cz, only the rotation around the two-fold molecular axis is totally
symmetric. Hence only the SOC matrix element for the spin-substate transforming like this
axis is non-zero. lL.e,, if the two-fold axis is the z-axis, only T, can couple. In the point group
Cs, only the rotation around the axis perpendicular to the mirror plane is totally symmetric.
If this is the z-axis, only T, can couple. In the point groups Czv and Czn, none of the rotations

are totally symmetric. Hence SOC between singlet and triplet is forbidden.
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Table S7. Absolute energies (in Hartree units), energy differences (in units of cm), and
excitation wavelengths (in nm) from CAS-CI calculations at the RHF-optimized ground state
structures. Note that CAS-CI calculations on this level of approximation strongly overestimate

all excitation energies.

helical-BDP BDP
Sym. Cav Cz Cs Cay
RHF -1595.837827 -1595.844817 -1595.844444 -1063.288782
CI-So -1595.875701 -1595.882245 -1595.882881 -1063.313277
CI-S1 -1595.748573 -1595.755533 -1595.755529 -1063.156152
CI-T4 -1595.800700 -1595.805896 -1595.805999 -1063.227993
CI-T; -1595.743068 -1595.750242 -1595.750881 -1063.153169
CI-Ts -1595.736298 -1595.743101 -1595.743307 -1063.147340
S1-So cm! 27901.4 27810.2 27950.5 344849
T1-So cm1 16460.8 16756.8 16873.7 18717.8
S1-So nm 358.4 359.6 357.8 290.0
T1-So nm 607.5 596.8 592.6 534.3
S1-T1 cm? 11440.6 11053.4 11076.9 15767.1
S1-T2 cm! -1208.2 -1161.3 -1020.1 -654.7
S1-T3 cm'! -2694.0 -2728.4 -2682.5 -1934.1
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8.0 Time-resolved EPR spectroscopy of triplet states

Nature of the triplet state and its population
We consider here a triplet state generated by two unpaired electrons, as those produced by

ISC mechanism following excitation of an organic molecule.
A triplet state is a state characterized by a total spin quantum number S=1; with electron-
electron interactions very weak, the state has three degenerate sublevels characterized by a
different value of ms: -1, 0, +1. In triplet states of organic systems, following photoexcitation
a pair of electrons is separated in two distinct molecular orbitals (MO). In this system the
interaction is normally small-to-large (typically 102-103 MHz). Therefore, the degeneracy is
removed by the spin-spin dipolar interaction, characterized by the zero-field splitting
interaction:

H,,=S-D-S (Eq S12)
where D is a traceless dipolar tensor with eigenvalues -X, -Y and -Z; these eigenvalues are
related to the energies (X, Y and Z at zero magnetic field) of the sublevels of the triplet Ty, Ty,
T,, eigenstates of the dipolar Hamiltonian. By convention, Z is taken as the (absolute) largest
value. Because of the traceless condition for D, two parameters are enough to represent X, Y
and Z:

D:—EZ; |E|=M
2 2

Photo-generated triplets are high-energy states (with respect to ground state), and

(Eq S13)

consequently they are transient species. The time evolution of the single sublevel population
is determined by the balance between the population of the state, that is determined by ISC
(see the main text and the Supporting Information Page S34-37), and its depopulation to the
ground state, that is another ISC process. Consequently, population of the triplet sublevels is
not Boltzmann, and the state is said to be polarized. Thermalization of the sublevels is
induced by spin relaxation processes (spin-lattice processes), but at low temperature spin-
lattice processes and the depopulation of states are 1~3 order of magnitude slower than ISC,
which helps for the study of ISC. Magnetic techniques have the proper spectral resolution to
study the selective population of the triplet sublevels and can provide information on the ISC

process. Here we used Time-Resolved EPR (TREPR).
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Time-Resolved EPR
At sufficiently low temperatures, population of the triplet state by ISC is much faster than

both spin-lattice relaxation and decay to the ground state; consequently, spectra taken near
pulse laser photoexcitation (0.1~1 ps time delay) are rarely perturbed by relaxation
processes, and they reflect entirely the ISC processes.
In TREPR, an external magnetic field B is applied, which removes the degeneracy of the
states.
TREPR measures the transitions induced by a microwave field between the levels and obtain
information on both the dipolar interaction (related to the relative spin distribution of the
two electrons) and the spin polarization (related to ISC).
In a magnetic field, the energy of the triplet sublevels is perturbed because of the Zeeman
interaction, characterized by the spin Hamiltonian

H,, =u,S-gB (Eq S14)
where g, is the Bohr magneton, S is the Spin operator and g the g-tensor.[%10]
In this condition, the eigenstates are linear combinations of the three zero-field states, and

the combination depends on the orientation of the magnetic field with respect to the dipolar
tensor, whose principal reference frame is solid with the molecular frame.
We consider here three specific cases: the magnetic field oriented along the principal

directions of D, x||B, y||B and Z||B.

z z z
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Figure S22. Sketch of the energy variation of the eigenstates of a triplet state (Z>0, as for
IBDP and helical-BDP) in the presence of ZFS interaction as function of the magnetic field

for the two cases of x||B, y||B and z| B. For these particular B-field orientations, the

eigenstates T+, To and T- in the high field approximation are linear combinations of the ZFS

states in simple forms.[11]
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By solving the total spin Hamiltonian H=H, +H

Jeo s inthe three cases, the energies of the
states are obtained (see Figure S22). We observe that one energy level is unaffected by the
magnetic field (that along which the magnetic field is oriented), while other two levels are
separated in a proportionally way by the magnetic field (at high field).

Rather simple expressions are obtained for the eigenstates in the high-field approximation
(ZFS states representation); the expressions are reported in the figure.

In TREPR spectroscopy, allowed transitions are possible between states T./Tpand To/T:. The
spectra are recorded at fixed frequency, while looking for the resonance conditions by
changing the applied magnetic field (B modulates the energy difference between the states);
therefore, spectra provides EPR intensities as function of the magnetic field. In the case of
Figure S22, each of the three field orientation provides a pair of transitions (lines in the

spectrum), which are separated, respectively, by the quantities

3X 1 (1385 ) 3Y 1 (1385 )> 3Z 1 (1458,5), Where gey is the effective g-value calculated along

that particular direction. These features are visible also in the spectra of powder samples,
like in Figure 4b of the main text and, for small anisotropies of g, they are almost symmetric
with respect to the center of the spectrum. Therefore, the dipolar interaction is easily
obtained from the spectrum.
Information on ISC is, instead, obtained from the polarization of the states, in fact the
polarization of the T,, Tp and T- eigenstates derives from the polarization of the ZFS states.
We can express the eigenstates as function of the ZFS states:
T =c\T, +c,T, +c,T, (Eq S15)

As a consequence, we can derive that the i-th state receives population from the zero-field
states according to the linear combination:[11]

Dri :‘c}‘z TX+‘C§,‘2 TY-I-‘C;‘Z T, (Eq S16)
In Figure S23 we give a graphical representation for the case of a population of the solo Tx
state (Z>0 is considered, in agreement with the Table in Figure 4b, which report D<0) and
7IIB.
The central state is a pure Ty state (no population), while the other two are equal-weight
combinations of Tx (populated) and Tz (no population), see Figure S22 and Figure S23. In
high field, then, the initial population of Tx is equally distributed between T and T.. The
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corresponding two allowed transitions are reported, and they are in emission (e, green
arrow) or in enhanced absorption (a, yellow line). The picture is completed by considering
the orientation of the magnetic field along the other two principal directions. We then obtain

the bands reported on the right of Figure S23, with the pattern (e, ¢, ¢, g, g, a).

Figure S23. distribution of population for the magnetic field along the Y principal direction,
with the selective population of Tx by ISC. In high field the Tx population distributes (blue
arrow), according to eq. 1 and the combinations reported in Figure S22, equally distributed
between states T- and T.. The resonance conditions (yellow and green arrows) lead to one
transition in emission and one in enhanced absorption. The distance between the lines is
related to the relative principal value of the D-tensor. On the right the polarization and the

position of bands for the three cases reported in Figure S22, with a (e, e, €, a, a, a) pattern.

Because of this tight relation between polarization of high-field states and polarization of
ZFS state, a careful simulation of the TREPR spectra allow to obtain both the polarization of
the ZFS states by ISC, and the strength of the dipole-dipole interaction, related to the

extension of the triplet wavefunction.12
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9.0 Synthesis and Molecular Structure Characterization Data

The synthesis of helical-BDP was according to literature.l131 TH NMR (400 MHz, CDCl3): § =
8.22 (d, 2H,/=8.0 Hz), 7.95 (d, 2H, /= 8.0 Hz), 7.81 (d, 2H, /= 8.0 Hz), 7.77 (d, 2H, ] = 8.0 Hz),
7.66-7.64 (m, 3H), 7.53-7.50 (m, 4H), 7.45-7.42 (m, 2H), 2.06 (s, 6H). MALDI-

HRMS(C33H23BF2N2): calcd. m/z = 496.1922; found m/z = 496.1911.

The synthesis of sty-IBDP was according to literature.l'4/1TH NMR (400 MHz, CDCl3): 6 =8.18
(d, 2H,/=16.0 Hz), 7.73 (s, 1H), 7.69-7.66 (m, 5H), 7.55-7.54 (m, 3H), 7.43 (t,4H, ] = 8.0 Hz),

7.37 (d, 2H, ] = 8.0 Hz), 7.31-7.29 (m, 2H), 1.46 (s, 6H).
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Figure S24. 'H NMR spectrum of compound helical-BDP in CDCl3 (400 MHz), 25°C.
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Figure S26. 'H NMR spectrum of compound sty-IBDP in CDCl3 (400 MHz), 25°C.
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Figure S27.1H NMR of compound IBDP in CDCl3 (400 MHz), 25°C.
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