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Section 1. Additional supporting files

Separate to this document, several raw computational files have been made available. The files have been
deposited onto the Oxford Research Archive and can be accessed via the following DOI:
https://doi.org/10.5287/bodleian:4402d5vKx

DFT and PM3 optimised geometries

Geometry file (.xyz) of the I-P2-L complex.

Geometry file (.xyz) of the ¢-P24b-(T12), complex (PM3 level).

Geometry files (.xyz) of porphyrin nanorings (c-P12, c-P24, ¢-P12b, and c-P24b) and linear oligomers (/-P4,
I-P5, [-P4bse, and I-P5bge) used for strain calculations.

MM optimised geometries

Geometry files (.xyz) of linear and curved conformations of -P24 used for strain calculations.

Geometry files (.xyz) of both classes of porphyrin nanorings c-PN and c-PNb from N =9 to 32, as well as
linear oligomers (/-P4, I-P5, I-P4bze, and I-P5bse) used for strain calculations.

Molecular dynamics simulations

Geometry (.xyz), trajectory (.gro), and topology (.top) files of c-P24b, ¢-P24b-(T12),, c-P24b-T12, I-
P12e-T12a, I-P24-(T12), in binding modes A and B, and /-P24-T12.

Molecular dynamics parameters (.mdp) files for energy minimisation, molecular dynamics production, NPT
and NVT equilibrations.


https://doi.org/10.5287/bodleian:44O2d5vKx

Section 2. General methods

Solvents for reactions were obtained from an MBraun MBSPS-5-BenchTop solvent purification system kept
under nitrogen. Chloroform-d for NMR was stored over K»COs prior to use. All other reagents and solvents
were obtained from commercial suppliers and used as received unless otherwise stated. Thin-layer
chromatography (TLC) was carried out using aluminium sheets precoated with silica gel with fluorescence
indicator from Merck and visualised under UV light at 254 or 365 nm. Purification by column chromatography
was carried out on silica gel (SiO,, 60 A, 40—63 pm). Petroleum ether (PE) of boiling range: 40—60°C was
used for chromatography. Size exclusion chromatography (SEC) was carried out using Bio-Rad Bio-Beads S-
X1 (40-80 um bead size). Analytical GPC was carried out using JAIGEL-3H-A (8 x 500 mm) and JAIGEL-
4H-A (8 x 500 mm) columns in THF + 1% pyridine as eluent with a flow rate of 1.0 mL/min. Semi-preparative
GPC was carried out on a Shimadzu recycling GPC system equipped with a LC-20 AD pump, SPD-20A UV
detector and a set either of JAIGEL 3H (20 x 600 mm) and JAIGEL 4H (20 x 600 mm) columns in either
toluene + 1% pyridine or THF + 1% pyridine as eluent at a flow rate of 3.5 mL/min.

Retention times of porphyrin oligomers and rings were obtained from analytical GPC traces (conditions above)
using monomer, P1 (retention time = 37.7 minutes), as reference.

NMR spectra were recorded on either a Bruker AVIII HD 400, a Bruker AVIII HD 500, a Bruker NEO 600
with a broadband helium cryoprobe, or a Bruker AVIII 700 with an inverse TCI 'H/"*C/'>N cryoprobe.
Chemical shift values are quoted in ppm and coupling constants (J) in Hertz to the nearest 0.1 Hz. 'H and *C
NMR spectra are referenced against the residual solvent peak (CHCl; 6u = 7.26 ppm, CDCIl3 d¢ = 77.16 ppm).
Unless stated otherwise, NMR spectra were recorded at 298 K.

Diffusion experiments were carried out using the double stimulated echo sequence with bipolar gradients for
convection compensation.' Diffusion coefficients were obtained by fitting signal intensity decays to the
Stejskal-Tanner equation: I = Ip-exp[(yu-&G)*-D-(A-83)], where I and I, represent signal areas in the presence
and absence of gradient pulses, respectively, D is the diffusion coefficient, G is the gradient strength, y; is the
"H magnetogyric ratio, &is the gradient pulse duration, and A is the diffusion time.

Optical spectroscopic measurements were conducted in HPLC grade solvents using fused silica cuvettes (10
mm path length). UV-vis-NIR absorption spectra were acquired on either a Perkin Elmer Lambda 20
spectrometer at 298 K with temperature control by a PTP-1 Peltier unit from Perkin Elmer or a Perkin Elmer
Lambda 25 spectrometer at 298 K with a PTP-A Peltier unit from Perkin Elmer.

MALDI-ToF spectra were measured using a Bruker MALDI Autoflex Speed instrument. Trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene Jmalononitrile (DCTB) was used as matrix. ESI spectra were
measured at the University of Oxford on a Thermo Orbitrap Exactive mass spectrometer.



Section 3. Overview of synthesised known compounds

Br Br
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4-(3-Bromopropyl)pyridine’? was prepared as reported previously. This compound degrades to an insoluble
brown oil upon concentration from a CHCIs solution, following aqueous workup. For this reason, the
compound was stored as a solution in DMF and used without further purification. 1,4-Dibromo-2,5-
dioctylbenzene,> 5-iodoresorcinol,® [(3-cyanopropyl)diisopropylsilyllacetylene (CPDIPS-acetylene),’
trihexylsilylacetylene (THS-acetylene), hexakis[(trimethylsilyl)ethynyl]benzene,’ hexakis(4-
bromophenyl)benzenebenzene,® 1,2,3,4,5,6-hexakis((4-iodophenyl)ethynyl)benzene (Core-Ig),’ zinc 5,15-
bis-(3,5-bis(octyloxy)phenyl)porphyrin (P1),'° were prepared as reported previously.



Section 4. Overview of synthesis
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Figure 1. Synthesis of templates L. and T12. Conditions: a) 48% HBr (aq) neat, reflux, 16 h; b) K.CO;, DMF,
40-50 °C, 4-5 h; c) CPDIPS-acetylene, Pd(PPh;),Cl,, Cul, i-Pr,NH/THF 1:5, room temperature, 12 h; d)
Bopiny, KOAc, Pd(dppf)ClyCH2Cl, 1,4-dioxane, 90 °C, 1.5 d; e) 1,4-dibromo-2,5-dioctylbenzene (2.0 equiv),
Pd(PPhs),Cl, K»COs, 1,4-dioxane, 90 °C, 16 h; f) TMS-acetylene, Pd(PPh3),Cl,, Cul, Et;N, 50 °C, 3 d; g) 1.
S5, TBAF, THF, room temperature, 2 h; ii. S1, Pd,dbas, AsPhs, Cul, Et;N/THF 1:3, room temperature, 16 h;
h) i. S1(11.9 equiv), TBAF, THF, room temperature, 1 h; ii. Core-Is, Pd(PPhs3)4, Cul, i-Pr,NH/THF 1:6, room
temperature, 3 d.
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Figure 2. Synthesis of templates T12a and T12p. Conditions: a) K,COs;, THF/MeOH 9:1; b) S1 (8 equiv),
Pd(PPhs)4, Cul, EtsN, THF, room temperature, 24 h; ¢) Bapin,, KOAc, Pd(dppf)Cl,CH2Cly, 1,4-dioxane, 90
°C, 5 days; d) S7 (20 equiv), XPhos Pd G2, K3;PO4 (aq, 1.0 M), 1,4-dioxane, 90 °C, 3 d.
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Figure 3. Synthesis of linear meso-meso linked porphyrin oligomers (/-PX), including /-P24.
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Figure 4. Termini functionalisation of /-P24 and final template-directed Glaser cyclisation, forming c-P24b.



=-THs

Pd(PPhs),, Cul
DIPA, PhMe
50 °C

0Oct OctO O 00ct Oct0” 00t
P12 1-P12-Br, (87%)

o %

OctO OOct OctO OOct OctO
1-P12-(C,THS), (85%)

1. TBAF
CH,CI,/CHCI3 1:1

2.T12aor T12p
Cul, Pd(PPh3),Cl,
1,4-Benzoquinone
DIPA

CHCly

10

Figure 5. Termini functionalisation of /-P12 and attempted synthesis of c-P12b using T12a or T12p.



Section 5. Synthetic procedures and compound characterisation
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To a solution of 4-(3-bromopropyl)pyridine? (2.91 g, 14.4 mmol) and resorcinol (0.400 g, 3.63 mmol) in DMF
(15 mL) was added K>COs (4.02 g, 29.1 mmol), and the reaction mixture was heated to 50 °C. After 5 hours,
the reaction mixture was diluted with Et,O (200 mL), washed with water (5 x 50 mL), dried over Na>SOs,
filtered, and concentrated under reduced pressure. The crude mixture was purified by flash column
chromatography (SiO,, gradient elution: 1. 50% EtOAc/CHCIs; 2. 5% MeOH/CHCIs) and fractions containing
product were concentrated under reduced pressure. To the residual oil was added hexane (25 mL), the
suspension was sonicated for 10 minutes, and cooled to —78 °C for 30 minutes. The precipitate was collected
by vacuum filtration, washed with additional n-hexane (3 x 10 mL), and dried to give the title compound as a
white solid (643 mg, 51%).

"H NMR (600 MHz, CDCl;, 298 K) én = 8.50 (d, /= 6.0 Hz, 4H, ), 7.16 (t,J = 8.2 Hz, 1H, a), 7.14 (d, J =
6.0 Hz, 4H, B), 6.48 (dd, /= 8.2, 2.4 Hz, 2H, 3), 6.42 (t,J= 2.4 Hz, 1H, y), 3.94 (t, /= 6.1 Hz, 4H, o3), 2.84—
2.79 (m, 4H, 61), 2.15-2.07 (m, 4H, ©2) ppm.

3C NMR (151 MHz, CDCls, 298 K) &¢c = 160.22, 150.59, 149.97, 130.10, 124.10, 106.97, 101.67, 66.64,
31.73, 29.87 ppm.

HRMS (ESI) m/z caled for C2HasN>O," (IM+H]") 349.1911, found 349.1910.
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To a solution of 4-(3-bromopropyl)pyridine? (2.99 g, 14.9 mmol) and 5-iodoresorcinol* (0.882 g, 3.74 mmol)
in DMF (12 mL) was added K>COs (4.13 g, 29.9 mmol), and the reaction mixture was heated to 4045 °C.
After 4 hours, complete conversion to the title compound was confirmed by TLC (MeOH/CHCI; 5:95). The
reaction mixture was diluted with Et,O (200 mL), washed with water (5 x 50 mL), dried over Na,SOsg, filtered,
and concentrated under reduced pressure. Purification by flash column chromatography (SiO», gradient
elution: 1. 50% EtOAc/CHCIs; 2. 5% MeOH/CHCI;) gave the title compound (1.64 g, 93%) as a pale green
oil.

"H NMR (400 MHz, CDCls, 298 K) &y = 8.51 (d, /= 6.1 Hz, 4H, o), 7.13 (d, J= 6.1 Hz, 4H, B), 6.84 (d, J =
2.2 Hz, 2H, 9), 6.35 (t,J=2.2 Hz, 1H, v), 3.90 (t, /= 6.1 Hz, 4H, ©3), 2.79 (dd, J= 8.5, 6.8 Hz, 4H, o1), 2.15—
2.03 (m, 4H, &2) ppm.

3C NMR (101 MHz, CDCl3, 298 K) 8¢ = 160.45, 150.36, 150.04, 124.07, 116.58, 101.63, 94.30, 66.91, 31.64,
29.74 ppm.

HRMS (ESI) m/z caled for CaHa40,NoI™ ([M+H]Y) 475.0877, found 475.0878.



Compound S7

\ /a
O.B,O

2

(6) Y (0]
Gy~ O3
7 O1 I\
Nz BN
[+

To a deoxygenated mixture of aryl iodide S1 (1.27 g, 2.68 mmol), bis(pinacolato)diboron (0.782 g, 3.08 mmol),
and KOAc (0.788 g, 8.03 mmol) in dioxane (20 mL) was added Pd(dppf)Cl,'CH>Cl, (109 mg, 0.134 mmol),
the reaction mixture was further degassed stirring at 90 °C for 5 days. The reaction mixture was filtered through
a short pad of silica (MeOH/CHCI; 15:85) and concentrated under reduced pressure. The crude was purified
by flash column chromatography (SiO., gradient elution: 2—5% MeOH/CHCI;) affording the title compound
(1.18 g, 93%) as an orange oil with minor impurities, and was used without further purification.

"H NMR (400 MHz, CDCls, 298 K) 61 = 8.43 (d, J= 6.1 Hz, 4H, o), 7.08 (d, J= 6.1 Hz, 4H, B), 6.87 (d, J =
2.4 Hz, 2H, 9), 6.46 (t, /= 2.4 Hz, 1H, y), 3.91 (t, /= 6.0 Hz, 4H, ©3), 2.79-2.70 (m, 4H, o1), 2.07-1.99 (m,
4H, o), 1.27 (s, 12H, a) ppm.

13C NMR (101 MHz, CDCl, 298 K) 8¢ = 159.79, 150.78, 149.85, 124.17, 112.58, 105.31, 84.08, 66.64, 31.71,
29.95, 25.00, 24.74 ppm.

HRMS (ESI) m/z caled for CosHzBN2Os* ([M+H]") 475.2763, found 475.2763.
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A Schlenk flask containing 4-bromoiodobenzene (1.60 g, 5.66 mmol), Pd(PPh3),Cl (198 mg, 0.283 mmol),
Cul (54 mg, 0.28 mmol) in THF (50 mL) and i-Pr,NH (10 mL) was subjected to freeze-pump-thaw cycles (3)
and while frozen, CPDIPS-acetylene’ (1.23 g, 5.94 mmol) was added. The reaction mixture was subjected to
additional freeze-pump-thaw cycles (2) and stirred at room temperature for 12 hours. The reaction mixture was
filtered through a pad of silica (CHCI3/PE 1:1) and concentrated under reduced pressure. Purification by flash
column chromatography (SiO,, gradient elution from 30-50% CHCIs/PE) gave the title compound (1.69 g,
82%) as a clear oil.

'H NMR (400 MHz, CDCls, 298 K) & = 7.44 (d, J = 8.5 Hz, 2H, 6/1), 7.32 (d, J = 8.5 Hz, 2H, 6/1)), 2.43 (,
J=7.0 Hz, 2H, a), 1.92-1.80 (m, 2H, b), 1.13-1.05 (m, 14H, d+e), 0.87-0.79 (m, 2H, ¢) ppm.

BCNMR (101 MHz, CDCl3, 298 K) 8¢ = 133.61, 131.69, 123.10, 122.04, 119.84, 106.82, 90.94, 21.41,20.92,
18.33, 18.09, 11.83, 9.74 ppm.

HRMS (ESI) m/z caled for CisHaNBrNaSi* ([M+Na]*) 384.0754, found 384.0755.
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To a deoxygenated mixture of aryl bromide S2 (1.69 g, 4.65 mmol), bis(pinacolato)diboron (1.77 g, 6.97
mmol), and KOAc (1.37 g, 14.0 mmol) in dioxane (30 mL) was added Pd(dppf)Cl,-CH>Cl, (327 mg, 0.465
mmol), the reaction mixture was further degassed by a stream of argon, before stirring at 90 °C for 1.5 days.
The reaction mixture was filtered through a short pad of silica (CHCI;) and concentrated under reduced
pressure. The crude was purified by flash column chromatography (SiO,, 50% CHCIs/PE) affording the title
compound (2.37 g, 299%) as an orange oil containing some impurities (unreacted Bpin, and pinacol), and
was used without further purification.

'H NMR (400 MHz, CDCL;, 298 K) 8 = 7.74 (d, J = 8.1 Hz, 2H, 0/g), 7.45 (d, J = 8.1 Hz, 2H, 8/¢), 2.43 (t, J
= 6.9 Hz, 2H, a), 1.93-1.81 (m, 2H, b), 1.34 (s, 12H, 1), 1.14-1.03 (m, 14H, d-+e), 0.87-0.79 (m, 2H, c) ppm.

3BC NMR (101 MHz, CDCls, 298 K) 8¢ = 134.65, 131.32, 125.72, 119.90, 108.11, 90.88, 84.14, 83.65, 25.01,
21.41,20.93, 18.35,18.11, 11.88, 9.76 ppm.

HRMS (ESI) m/z calcd for C24H360,NBNaSi* ([M+Na]*) 431.2537, found 431.2541.
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A mixture of boronic acid pinacol ester 83 (1.080 g, 2.64 mmol), 1,4-dibromo-2,5-dioctylbenzene® (2.43 g,
5.28 mmol), and K,COs (2.19 g, 15.8 mmol) in dioxane (50 mL) was subjected to freeze-pump-thaw cycles
(3), and while still frozen, Pd(PPh3)>Cl: (185 mg, 0.264 mmol) was added. The reaction mixture was subjected
to additional freeze-pump-thaw cycles (3) and heated to 90 °C. After 16 hours, the reaction mixture was filtered
through a short pad of silica (CHCl3) and concentrated under reduced pressure. Purification by flash column
chromatography (SiO», gradient elution: 10-50% CHCI3/PE) gave the title compound (0.785 g, 45%) as an
orange oil, with some impurities. It was used without further purification.

"H NMR (400 MHz, CDCls, 298 K) én = 7.51 (d, J = 8.2 Hz, 2H, 0/m), 7.44 (s, 1H, &/£), 7.23 (d, J = 8.3 Hz,
2H, 0/m), 6.99 (s, 1H, €/€), 2.73-2.66 (m, 2H, oi/or’), 2.50-2.42 (m, 4H, atci/or’), 1.95-1.85 (m, 2H, b),
1.65-1.56 (m, 2H, o2/07’), 1.50-1.16 (m, 22H, 62/62’+03—07t03°—67°), 1.15-1.08 (m, 14H, d+e), 0.90-0.82
(m, 8H, ctos/cs’) ppm.

BC NMR (151 MHz, CDCls, 298 K) 8¢ = 141.78, 140.35, 139.79, 139.45, 133.33, 131.98, 131.53, 129.26,
123.77, 121.76, 119.91, 107.94, 89.84, 35.86, 32.50, 32.03, 31.95, 31.31, 30.15, 29.59, 29.54, 29.47, 29.39,
29.36,29.23,22.81, 22.78, 21.48, 20.92, 18.36, 18.13, 14.25, 14.25, 11.92, 9.82 ppm.

HRMS (ESI) m/z caled for C4oHgoNBrNaSi* ((M+Na]") 684.3571, found 684.3728.
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A mixture of aryl bromide S4 (785 mg, 1.18 mmol), Pd(PPh3),Cl; (84 mg, 0.12 mmol), and Cul (11.3 mg,
0.059 mmol) in Et;N (6.0 mL) was subjected to freeze-pump-thaw cycles (3), and while still frozen, TMS-
acetylene (2.50 mL, 15.2 mmol) was added. The reaction flask was subjected to additional freeze-pump-thaw
cycles (3), then closed, and heated to 50 °C. After 3 days, complete conversion was indicated by "H-NMR.
The reaction mixture was filtered through a short pad of silica (CHCI;) and concentrated under reduced
pressure. Purification by flash column chromatography (SiO., gradient elution: 10-50% CHCI3/PE) gave the
title compound (716 mg, 89%) as a yellow oil.

"H NMR (400 MHz, CDCls, 298 K) u = 7.50 (d, J = 8.5 Hz, 2H, /), 7.35 (s, 1H, €/§), 7.23 (d, /= 8.5 Hz,
2H, 0/m), 6.96 (s, 1H, &/£), 2.78-2.69 (m, 2H, oi/or’), 2.51-2.42 (m, 4H, etoi/cr’), 1.95-1.84 (m, 2H, a),
1.69-1.58 (m, 2H, os/07’), 1.48-1.39 (m, 2H, 62/62’), 1.39-1.15 (m, 20H, 63-67+03’—G7°), 1.15-1.08 (m, 14H,
d+e), 0.94-0.80 (m, 8H, ctos/cs’), 0.27 (s, 9H, TMS) ppm.

3C NMR (126 MHz, CDCls, 298 K) &¢c = 142.93, 142.31, 141.42, 137.61, 133.29, 131.90, 130.26, 129.24,
121.84, 121.62, 119.91, 108.00, 104.23, 97.75, 89.74, 34.51, 32.49, 32.03, 31.96, 31.38, 30.89, 29.85, 29.63,
29.52,29.46, 29.38, 29.25,22.81, 22.78, 21.47, 20.92, 18.36, 18.13, 14.25, 11.91, 9.81, 0.19 ppm.

HRMS (ESI) m/z caled for C4sH7oNSi>" ((M+H]") 680.5041, found 680.5040.
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To a solution of S5 (716 mg, 1.05 mmol) in THF (30 mL) and MeOH (30 mL) was added K,CO; (436 mg,
3.16 mmol). After 2 hours, complete desilylation was confirmed by TLC (5% EtOAc/petroleum ether). The
reaction mixture was filtered through a short pad of silica (CHCIs) and concentrated under reduced pressure.
The remaining oil was dissolved in THF (4 mL) and transferred to a Schlenk flask containing S1 (574 mg,
1.21 mmol) in THF (12 mL) and Et;N (4 mL). The solution was purged by N, bubbling for 20 minutes, then
subjected to freeze-pump-thaw cycles (3), and while still frozen and under argon, Pd,(dba); (96 mg, 0.110
mmol), AsPhs (258 mg, 0.842 mmol), and Cul (20.0 mg, 0.105 mmol) were added. The reaction flask was
subjected to additional freeze-pump-thaw cycles (3) and warmed to room temperature. After 16 hours, the
reaction mixture was filtered through a short pad of silica (MeOH/CHCIs 1:9) and concentrated under reduced
pressure. Purification by gravity column chromatography (SiO», gradient elution: 2—-5% MeOH/CHCIs) gave
the title compound (942 mg, 94%) as a pale-yellow oil.

"H NMR (500 MHz, CDCls, 298 K) du = 8.52 (br s, 4H, a), 7.52 (d, J = 8.3 Hz, 2H, 1/0), 7.41 (s, 1H, €/C),
7.26 (d,J=8.2 Hz, 2H, n/0), 7.18 (d, J = 5.2 Hz, 4H, B), 7.01 (s, 1H, €/{), 6.68 (d, J=2.2 Hz, 2H, §), 6.41 (4,
J=23Hz, 1H,y), 3.98 (t, J = 6.0 Hz, 4H, o3), 2.87-2.83 (m, 4H, o1), 2.83-2.79 (m, 2H, c4/04’), 2.54-2.48
(m, 2H, o4/04’), 2.45 (t, J= 7.0 Hz, 2H, a), 2.17-2.09 (m, 4H, o,), 1.94-1.85 (m, 2H, b), 1.73-1.65 (m, 2H,
05/05’), 1.49—-1.41 (m, 2H, o5/05’), 1.42—-1.16 (m, 20H, 66—010t06—010°), 1.16-1.09 (m, 14H, d+e), 0.89-0.81
(m, 8H, c+on/on’) ppm.

3C NMR (126 MHz, CDCls, 298 K) 8¢ = 159.92, 151.06, 149.56, 142.46, 142.25, 141.44, 137.81, 133.14,
131.95, 130.41, 129.26, 125.24, 124.24, 121.70, 119.93, 110.08, 107.97, 102.47, 92.71, 89.82, 88.34, 66.78,
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34.46, 32.55,32.04, 31.97, 31.79, 31.41, 30.94, 29.83, 29.81, 29.65, 29.54, 29.48, 29.42, 29.27, 22.82, 22.80,
21.48,20.94, 18.37, 18.14, 14.27, 11.92, 9.82 ppm (two signals missing, presumably due to overlap).

HRMS (ESI) m/z caled for CesHssO,N3Si* (M+H]') 954.6327, found 954.6318.

Template T12

To a solution of S6 (399 mg, 0.418 mmol) in THF (20 mL) was added TBAF solution (1.46 mL, 1.46 mmol,
1.0 M in THF). After 1 hour, complete desilylation was indicated by 'H NMR. The reaction mixture was
filtered through a short pad of silica (MeOH/CHCI; 1:9) and concentrated under reduced pressure. The residue
was dissolved in THF (5 mL) and transferred to a Schlenk flask containing 1,2,3,4,5,6-hexakis((4-
iodophenyl)ethynyl)benzene (Core-Is)® (50.0 mg, 0.035 mmol) in THF (30 mL) and i-Pr,NH (5 mL). The
contents were purged by argon bubbling for 20 minutes, followed by freeze-pump-thaw-cycles (3), and while
still frozen and under argon, Pd(PPhs)4 (22 mg, 0.019 mmol) and Cul (4.0 mg, 0.021 mmol) were added. The
reaction flask was subjected to additional freeze-pump-thaw-cycles cycles (3) and heated to 40 °C. After 3
days, the reaction mixture was filtered through a short pad of silica (MeOH/CHClIs 1:9) and concentrated under
reduced pressure. The crude mixture was purified by size-exclusion chromatography (Bio-Beads S-X1,
CHCls), followed by column chromatography (SiO,, neutralised prior to loading using one column volume of
CHCIl; + 5% Et;N, followed by two column volumes of CHCIs; crude eluted with 7% MeOH/CHCIs). The title
compound eluded as a yellow band, exhibiting turquoise fluorescence under UV irradiation (A = 365 nm).
Fractions containing product were concentrated under reduced pressure, dissolved in THF (5 mL) and pipetted
into n-hexane (100 mL). The resulting suspension was sonicated for 1 minute and the precipitate was allowed
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to settle over 30 minutes, after which it was collected by vacuum-filtration, washed with additional n-hexane
(2 x 10 mL) and pentane (2 x 10 mL), and dried to give the title compound as a yellow solid (104 mg, 56%).

"H NMR (500 MHz, CDCls, 298 K) &y = 8.62-8.40 (m, 24H, o), 7.66 (d, J = 8.2 Hz, 12H, 1/x), 7.64-7.58 (m,
24H, Vk+0), 7.43 (s, 6H, £), 7.32 (d, J = 8.0 Hz, 12H, ), 7.15 (d, J = 5.7 Hz, 24H, B), 7.06 (s, 6H, £), 6.68 (d,
J=2.2Hz, 12H, 9), 6.42 (t, J = 2.1 Hz, 6H, y), 3.97 (t, J = 6.0 Hz, 24H, o3), 2.89-2.77 (m, 36H, o1t04/C4’),
2.54 (t,J = 8.0 Hz, 12H, o4/0s"), 2.17-2.08 (m, 24H, o), 1.71 (p, J = 7.7 Hz, 12H, o5/os), 1.51-1.14 (m,
132H, 0'5/0'5""0'6%)'10"‘66’%510’), 0.86 (t, J=7.1Hz, 18H, 0'11/0'11’), 0.84 (t, J=6.9 Hz, 18H, 0'11/0'11’) ppm.

"H Diffusion NMR (500 MHz, CDCl3, 298 K) D = 1.86-10' m? s7'.

3C NMR (126 MHz, CDCls, 298 K) &¢c = 159.94, 150.48, 150.01, 142.50, 142.18, 141.44, 137.86, 133.19,
131.95, 131.92, 131.56, 130.41, 129.43, 127.67, 125.20, 124.29, 124.10, 122.83, 121.73, 121.66, 110.09,
102.47,99.71, 92.76, 92.08, 89.60, 89.11, 88.30, 66.80, 34.49, 32.60, 32.04, 31.99, 31.71, 31.41, 30.98, 29.85,
29.83, 29.65, 29.56, 29.48, 29.40, 29.29, 22.82, 14.28, 14.26 ppm (one signal coincident or not observed in
aliphatic region) ppm.

UV-Vis-NIR (CDCls, 298 K) Amax (¢ / 10° M~ cm™): 318 (0.32), 386 (0.30) nm.
HRMS (ESI) m/z caled for C7sHaoaN1,0122" ([M+2H]>) 2653.5747, found 2653.5722.

Compound T12a

Hexakis[(trimethylsilyl)ethynyl]benzene’ (0.155 g, 0.237 mmol, 1.0 equiv) was added to a 25 mL round
bottom flask equipped with a stir bar followed by dissolution in THF/MeOH 9:1 (10 mL) and addition of
K,COs (0.327 g, 2.37 mmol). The reaction mixture was stirred for 30 minutes at which point the contents were
diluted with diethyl ether (10 mL). The contents were then transferred to a separatory funnel and the organic
phase was washed with H>O (3 x 5 mL), brine (1 x 10 mL), and then dried over sodium sulfate. The solvent
was reduced to approximately 1 mL, at which point it was transferred to a Schlenk flask, followed by the
addition of aryl iodide S1 (0.900 g, 1.89 mmol 8.0 equiv) in THF (5 mL) and Et;N (2 mL). The contents were
subjected to three freeze-pump-thaw cycles (3), and while frozen, Cul (27.0 mg, 0.142 mmol) and Pd(PPhs)4
(0.165 g, 0.142 mmol) were added, and the contents were again subjected to freeze-pump-thaw cycles (3). The
reaction was stirred at 25 °C for 24 hours at which point the solvent was removed. Purification by column
chromatography (SiO», 5% to 20% MeOH/CHCIs3) gave the desired product as a yellow, fluorescent solid
(0.261 g, 48%).

"H NMR (500 MHz, CDCls, 298 K) 8n = 8.50-8.44 (m, 24H, @), 7.09-7.02 (m, 24H, B), 6.77 (d, J= 2.3 Hz,
12H, 9), 6.41 (t,J = 2.3 Hz, 6H, v), 3.82 (t,J = 6.1 Hz, 24H, ©3), 2.74-2.65 (m, 24H, 1), 2.04-1.96 (m, 24H,
o2) ppm.
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3C NMR (126 MHz, CDCls, 298 K) 8¢ = 160.03, 150.24, 150.03, 127.71, 124.57, 123.94, 110.38, 103.48,
99.64, 86.92, 66.97, 31.63, 29.78 ppm.

HRMS (ESI) m/z caled for CrsoH 30N 1,012" ([M+H]") 2300.0630, found 2300.0570.

Template T12p

A mixture of boronic acid pinacol ester S7 (141 mg, 0.298 mmol), hexa(4-bromophenyl)benzene® (15.0 mg,
0.015 mmol), and XPhos Pd G2 (7.0 mg, 0.0089 mmol) in dioxane (2 mL) was subjected to freeze-pump-thaw
cycles (3), after which an argon-purged aqueous solution of K3PO4 (0.5 mL, 0.5 mmol, 1.0 M) was added. The
reaction mixture was heated to 50 °C for 3 hours, followed by heating to 90 °C for 3 days. The reaction mixture
was filtered through a short pad of silica (MeOH/CHCI3 15:85 + 1% EtsN) and concentrated under reduced
pressure. The crude was purified by column chromatography (SiO,, gradient elution: 1. 15% MeOH/CHCls;
2. 15% MeOH/CHCI; + 1% Et:N). The product only eluded once 1% Et:N was added to the eluent mixture
and could be Visualised as a blue fluorescent band under UV irradiation (4 = 254 nm). Fractions containing
product were concentrated under reduced pressure, dissolved in CHCl; (50 mL), washed with saturated
NaxCOs; (4 x 25 mL), dried over Na>SOs4, and concentrated once more under reduced pressure. The residue
was dissolved in THF (5 mL) and pipetted into n-hexane (50 mL). The resulting suspension was sonicated for
1 minute, after which the precipitate was allowed to settle over 30 minutes and collected by vacuum filtration,
washed with additional n-hexane (2 x 10 mL) and pentane (2 x 10 mL), and dried to give the title compound
(24 mg, 62%) as a white solid.

"H NMR (500 MHz, CDCl3, 298 K) 6u = 8.53-8.40 (m, 24H, o), 7.13 (d, /= 8.5 Hz, 12H, €/(), 7.11-7.06 (m,
24H, B), 6.94 (d, J= 8.5 Hz, 12H, &/€), 6.56 (d, J = 2.2 Hz, 12H, ), 6.29 (t,J = 2.2 Hz, 6H, y), 3.89 (t, /= 6.0
Hz, 24H, &3), 2.75 (t, J= 7.4 Hz, 24H, ©1), 2.08-1.99 (m, 24H, o2) ppm.

3C NMR (126 MHz, CDCls, 298 K) 8¢ = 160.31, 150.50, 149.95, 142.90, 140.36, 140.17, 137.43, 131.98,
125.45, 124.08, 105.69, 100.10, 66.66, 31.66, 29.84 ppm.

HRMS (ESI) m/z caled for Ci74H 301N ([M+H]Y) 2612.2508, found 2612.2462.
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PIFA oligomerisation of P1

P1 (32%)
I-P2 (35%)
I-P3 (16%)
I-P4 (7.3%)
I-P5 (3.4%)
I-P6 (1.5%)
I-P7 (0.4%)
1-P8 (0.2%)

To a solution of P1'° (2.0 g, 1.8 mmol, 1.0 equiv) in dry CH,Cl, (250 mL), [bis(trifluoroacetoxy)iodo]-benzene
(PIFA, 0.39 g, 0.91 mmol, 0.5 equiv) was added and the mixture was stirred at 25 °C. The progress of the
coupling was monitored by analytical GPC (Figure 6). After 2 hours, a suspension of NaBH4 (0.69 g, 18 mmol,
10 equiv) in MeOH (50 mL) was added and the reaction mixture was stirred at 25 °C for 30 minutes. The
reaction mixture was passed through a silica column (gradient elution: CH,Cly/pentane 1:1 to 7:3) and the
filtrate was concentrated under reduced pressure. The crude was dissolved in CHCIs (300 mL) and a solution
of Zn(OAc),:2H»0 (2.35 g, 11 mmol) in MeOH (25 mL) was added. After stirring for 1 hour at 40 °C, the
mixture was passed through a silica column (CHCI3), and the filtrate was concentrated under reduced pressure.
The metalated crude was separated by size-exclusion chromatography (Bio-Beads, S-X1, toluene + 1%
pyridine) followed by recycling GPC (toluene + 1% pyridine). Each of the separated fractions was passed
through a silica column (gradient elution: CH,Cl,/pentane 3:7 to 7:3) and the filtrates were concentrated under
reduced pressure. Precipitation from MeOH/CHCI; (9:1) by layered addition of MeOH onto a solution of
oligomer in CHCl;, afforded the isolated porphyrin oligomers as powders (red to brown in colour depending
on oligomer size).

Isolated yields: P1 (630 mg, 32%), I-P2 (696 mg, 35%), I-P3 (321 mg, 16%), I-P4 (145 mg, 7.3%), I-P5 (67
mg, 3.4%), I-P6 (29 mg, 1.5%).

26 28 30 32 34 36 38 40 42 44
time / min

Figure 6. Analytical GPC trace of the crude reaction mixture from PIFA oligomerisation of P1 (THF + 1%
pyridine, A =420 nm).
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PIFA oligomerisation of /-P2

P2 (15%)
1-P4 (22%)
1-P6 (19%)
1-P8 (15%)
I-P10 (7.0%)
1-P12 (3.9%)
1-P14 (1.8%)
1-P16 (0.8%)
1-P18 (0.4%)
1-P20 (0.2%)
1-P22 (0.1%)

I-PN

To a solution of /-P2 (1.65 g, 0.795 mmol, 1.0 equiv) in dry CH,Cl, (200 mL), [bis(trifluoroacetoxy)iodo]-
benzene (PIFA, 0.171 g, 0.397 mmol, 0.5 equiv) was added and the mixture was stirred at 25 °C. The progress
of the coupling was monitored by analytical GPC (Figure 7). After 2 hours, a suspension of NaBH4 (0.301 g,
7.95 mmol, 10 equiv) in MeOH (20 mL) was added and the reaction mixture was stirred at 25 °C for 30 min.
The reaction mixture was passed through a silica column (gradient elution: CHCls:pentane 1:1 to 7:3) and the
filtrate was concentrated under reduced pressure. The crude was dissolved in CHCIs (250 mL) and a solution
of Zn(OAc)2-2H,0 (1.94 g, 9.1 mmol) in MeOH (20 mL) was added. After stirring for 1 hour at 40 °C, the
mixture was passed through a silica column (CHCI3), and the filtrate was concentrated under reduced pressure.
The metalated crude was separated by size-exclusion chromatography (S-X1, toluene + 1% pyridine) followed
by recycling GPC (toluene + 1% pyridine). Each of the separated fractions were passed through a silica column
(gradient elution: CHCls:pentane 3:7 to 7:3) and the filtrates were concentrated under reduced pressure.
Precipitation from MeOH/CHCI; (9:1) by layered addition of MeOH onto a solution of oligomer in CHCl3,
afforded the isolated porphyrin oligomers as powders (red to brown in colour depending on oligomer size).
Isolated yields: I-P2 (242 mg, 15%), I-P4 (356 mg, 22%), I-P6 (311 mg, 19%), I-P8 (246 mg, 15%), I-P10
(115 mg, 7.0%), I-P12 (64 mg, 3.9%), I-P14 (30 mg, 1.8%), I-P16 (14 mg, 0.8%), I-P18 (6.8 mg, 0.4%), I-P20
(3.9 mg, 0.2%), I-P22 (1.6 mg, 0.1%).

I1-P4

26 28 30 32 34 36 38 40 42 44
time / min

Figure 7. Analytical GPC trace of the crude reaction mixture from PIFA oligomerisation of /-P2 (THF + 1%
pyridine, A =420 nm).
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PIFA oligomerisation of /-P6

I-P6 (18%)

I-P12 (32%)
I-P18 (18%)
1-P24 (9.3%)
I-P30 (5.3%)
I-P36 (2.7%)

OctO OOct OctO OOct OctO OOct
I-PN

To a solution of /-P6 (300 mg, 0.046 mmol, 1.0 equiv) in dry CH>Cl, (50 mL), [bis(trifluoroacetoxy)iodo]-
benzene (PIFA, 9.84 mg, 0.023 mmol, 0.5 equiv) was added and the mixture was stirred at 25 °C. The progress
of the coupling was monitored by analytical GPC (Figure 8). After 2 hours, a suspension of NaBH4 (17 mg,
0.46 mmol, 10 equiv) in MeOH (5 mL) was added and the reaction mixture was stirred at 25 °C for 30 min.
The reaction mixture was passed through a silica column (gradient elution: CHCls:pentane 1:1 to 7:3) and the
filtrate was concentrated under reduced pressure. The crude was dissolved in CHCI; (50 mL) and a solution of
Zn(OAc)2-2H,0 (353 mg, 1.66 mmol) in MeOH (5 mL) was added. After stirring for 1 hour at 40 °C, the
mixture was passed through a silica column (CHC]l;), and the filtrate was concentrated under reduced pressure.
The metalated crude was separated by size-exclusion chromatography (Bio-Beads, S-X1, toluene + 1%
pyridine) followed by recycling GPC (toluene + 1% pyridine). Each of the separated fractions was passed
through a silica column (gradient elution: CHCls:pentane 3:7 to 7:3) and the filtrates were concentrated under
reduced pressure. Precipitation from MeOH/CHCI; (9:1) by layered addition of MeOH onto a solution of
oligomer in CHCIs, afforded the isolated porphyrin oligomers as powders. Isolated yields: /-P6 (54 mg, 18%),
I-P12 (95 mg, 32%), I-P18 (53 mg, 18%), I-P24 (28 mg, 9.3%), I-P30 (16 mg, 5.3%), I-P36 (7.7 mg, 2.7%).

I-P12

20 22 24 26 28 30 32 34 36 38 40
time / min

Figure 8. Analytical GPC trace of the crude reaction from PIFA oligomerisation of /-P6 (THF + 1% pyridine,
A =420 nm).
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OctO

TH NMR (600 MHz, CDCls, 298 K) 8 = 10.31 (s, 2H, Hy), 9.43 (d, J = 4.4 Hz, 4H, Hy), 9.26 (d, J = 4.4 Hz,
4H, H3), 7.43 (d, J = 2.2 Hz, 4H, H,), 6.92 (t, J = 2.2 Hz, 2H, H,), 4.15 (t, J = 6.7 Hz, 8H, Hoe), 1.93-1.84
(m, 8H, Ho), 1.56-1.48 (m, 8H, Hoxr), 1.41-1.23 (m, 32H, Hox), 0.87 (t, /= 6.9 Hz, 12H, Hoe) ppm.

OOct

MALDI-ToF m/z 1036.621 (calculated for [CosHsaNsOsZn]™* = (M)™*: 1036.578).
UV-vis-NIR (CDCls, 298 K) Zmax (¢ / 10 M~ cm™): 409 (0.53), 565 (0.03) nm.

Retention time: 37.7 min.

OctO OOct OctO OOct

'H NMR (600 MHz, CDCls, 298 K): 81 = 10.38 (s, 2H, Hy), 9.49 (d, J = 4.5 Hz, 4H, Hy), 9.27 (d, J= 4.5 Hz,
4H, H3), 8.82 (d, J = 4.7 Hz, 4H, Hy), 8.10 (d, J = 4.7 Hz, 4H, Hs), 7.42 (d, J = 2.3 Hz, 8H, H,), 6.81 (t, J =
2.3 Hz, 4H, H,), 4.13-4.00 (m, 16H, Hox), 1.83-1.75 (m, 16H, Hoe), 1.47-1.39 (m, 16H, Ho), 1.36-1.15
(m, 64H, Hoe), 0.81 (t, J= 6.9 Hz, 24H, Hoer) ppm.

MALDI-ToF m/z 2074.854 (calculated for [C12sH166NsOsZnz] ™" = (M)™": 2074.141).
UV-vis-NIR (CDCl3, 298 K) Amax (¢ / 10 M~ cm™): 414 (0.29), 446 (0.22), 551 (0.059), 589 (0.0092) nm.

Retention time: 36.4 min.

OctO OOct OctO 0OOct OctO OOct

'H NMR (600 MHz, CDCls, 298 K) & = 10.40 (s, 2H, Hy), 9.51 (d, J = 4.4 Hz, 4H, Hy), 9.30 (d, J = 4.3 Hz,
4H, Hs), 8.90 (d, J = 4.5 Hz, 4H, H.), 8.81 (d, J = 4.8 Hz, 4H, Hy), 8.25 (d, J = 4.2 Hz, 4H, Hs), 8.14 (d, J =

19



4.8 Hz, 4H, Hy), 7.46 (s, 8H, Ho1), 7.39 (s, 4H, H,»), 6.84 (s, 4H, H,1), 6.68 (d, J = 2.4 Hz, 2H, H,2), 4.10 (t, J
= 6.8 Hz, 16H, How), 3.96 (t, J = 6.7 Hz, 8H, Howr), 1.83 (t, J= 7.2 Hz, 16H, How), 1.76-1.63 (m, SH, Hox),
1.47-1.08 (m, 120H, Hoe), 0.82 (t, J = 6.8 Hz, 24H, Ho), 0.73 (t, J = 6.8 Hz, 12H, Ho) ppm.

MALDI-ToF m/z 3109.847 (calculated for [C19:H24sN12012Zn3]"" = (M)™": 3109.707).
UV-vis-NIR (CDCl3, 298 K) Amax (¢ / 10 M~ cm™): 411 (0.45), 472 (0.35), 563 (0.11) nm.

Retention time: 35.6 min.

TH NMR (600 MHz, CDCls, 298 K) 8 = 10.41 (s, 2H, Hy), 9.51 (d, J = 4.4 Hz, 4H, H,), 9.30 (d, J = 4.5 Hz,
4H, H), 8.91 (d, J = 4.6 Hz, 4H, H.), 8.89 (d, J = 4.7 Hz, 4H, Hy), 8.83 (d, J = 4.6 Hz, 4H, Hs), 8.29 (d, J =
4.7 Hz, 4H, He), 8.27 (d, J = 4.6 Hz, 4H, Hs), 8.15 (d, J = 4.7 Hz, 4H, Hs), 7.47 (d, J = 2.3 Hz, 8H, H,1), 7.43
(d, J=2.5 Hz, 8H, H,»), 6.85 (t, J = 2.3 Hz, 4H, H,), 6.71 (t, J = 2.3 Hz, 4H, H2), 4.10 (t, J = 6.7 Hz, 16H,
Hoer), 4.00 (t, J = 6.6 Hz, 16H, Hoer), 1.86-1.79 (m, 16H, Hoer), 1.75-1.69 (m, 16H, Hoer), 1.50-1.43 (m, 16H,
Hoer), 1.40-1.11 (m, 144H, Hoe), 0.82 (t, J = 6.8 Hz, 24H, Hoxr), 0.74 (t, J = 6.8 Hz, 24H, Hoe) ppm.

MALDI-ToF m/z 4148.269 (calculated for |:(3256H3301\I160162114]'+ = (M)’+i 4148.265).
UV-vis-NIR (CDCls, 298 K) Amax (¢ / 106 M™! cm™): 411 (0.44), 483 (0.36), 569 (0.14) nm.

Retention time: 34.9 min.

OctO OOct OctO OOct OctO OOct OctO

TH NMR (600 MHz, CDCls, 298 K) 8 = 10.41 (s, 2H, Hy), 9.52 (d, J = 4.3 Hz, 4H, Ha), 9.30 (d, J = 4.3 Hz,
4H, Hs), 8.94 — 8.88 (m, 12H, Has11), 8.83 (d, J = 4.7 Hz, 4H, Hy), 8.31 (d, J = 4.6 Hz, 8H, Ho10), 8.27 (d, J
= 4.5 Hz, 4H, Hs), 8.15 (d, J= 4.7 Hz, 4H, He), 7.47 (d, J= 2.3 Hz, 12H, Ho1,.3), 7.44 (d, J= 2.3 Hz, 8H, H.»),
6.85 (t, J = 2.3 Hz, 4H, Hp), 6.75 (t, J = 2.3 Hz, 2H, H3), 6.72 (t, J = 2.4 Hz, 4H, H,), 4.11 (t, J = 6.7 Hz,
16H, Hoer), 4.06 — 3.98 (m, 24H, Hox), 1.88-1.80 (m, 16H, Hoer), 1.78-1.69 (m, 16H, Hoe), 1.50-1.11 (m,
200H, Ho), 0.82 (t, J= 6.8 Hz, 24H, Hoe), 0.78-0.73 (m, 36H, Hoer) ppm.

OOct OctO OOct

MALDI-ToF m/z 5184.339 (calculated for |:C320H4121\1200202115]'+ = (M)’+i 5185.83 1).
UV-vis-NIR (CDCls, 298 K) Amax (¢ / 106 M™" cm™): 411 (0.68), 490 (0.42), 571 (0.28) nm.

Retention time: 34.3 min.
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OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

TH NMR (600 MHz, CDCls, 298 K) 8y = 10.42 (s, 2H, Hy), 9.52 (d, J = 4.5 Hz, 4H, Hy), 9.31 (d, J = 4.5 Hz,
4H, H3), 8.99-8.89 (m, 16H, Hasi1.12), 8.85 (d, J= 4.7 Hz, 4H, Hy), 8.37-8.31 (m, 12H, Ho.10.13), 8.28 (d, J =
4.5 Hz, 4H, Hs), 8.17 (d, J = 4.6 Hz, 4H, Hs), 7.51-7.46 (m, 16H, Ho1,3), 7.45 (d, J = 2.3 Hz, 8H, H..), 6.86
(t,J = 2.3 Hz, 4H, Hy), 6.76 (t, J = 2.3 Hz, 4H, H,3), 6.73 (t, J = 2.3 Hz, 4H, H,»), 4.11 (t, J = 6.7 Hz, 16H,
Hoe), 4.07-3.98 (m, 32H, Hoe), 1.87-1.81 (m, 12H, Hoe), 1.80-1.70 (m, 32H, Hoe), 1.50-1.13 (m, 240H,
Hoc), 0.83 (t, J = 6.8 Hz, 24H, Hoer), 0.79-0.73 (m, 48H, Hoe) ppm.

MALDI-ToF m/z 6224.616 (calculated for [C384H494N24024Zn6]'* = (M)’+i 6222.395).
UV-vis-NIR (CDCls, 298 K) Amax (¢ / 106 M~! cm™): 411 (0.65), 494 (0.57), 576 (0.29) nm.

Retention time: 33.8 min.

OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

TH NMR (600 MHz, CDCls, 298 K) 8y = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.3 Hz, 4H, H), 9.32 (d, J = 4.3 Hz,
4H, H3), 8.98-8.89 (m, 20H, Hasp), 8.86 (d, J = 4.7 Hz, 4H, Hy), 8.39-8.31 (m, 16H, Hoy), 8.29 (d, J = 4.4
Hz, 4H, Hs), 8.18 (d, J = 4.7 Hz, 4H, He), 7.52-7.47 (m, 20H, Ho1,,), 7.46 (d, J = 2.3 Hz, 8H, H.»), 6.86 (t, J
= 2.4 Hz, 4H, H,1), 6.79-6.75 (m, 6H, H,), 6.73 (t, J = 2.4 Hz, 4H, H,»), 4.16-3.98 (m, 56H, Hoer), 1.88-1.71
(m, 56H, Hocr), 1.49-1.14 (m, 280H, Hoer), 0.83 (t, J = 6.8 Hz, 16H, Hoer), 0.80-0.74 (m, 56H, Hoer) ppm.

MALDI-ToF m/z 7260.579 (calculated for [CassHs76N23023Zn7]"" = (M) 7258.958).
UV-vis-NIR (CDCl3, 298 K) Amax (¢ / 10 M em™): 411 (0.73), 496 (0.65), 575 (0.37) nm.

Retention time: 33.3 min.
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OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

'H NMR (600 MHz, CDCls, 298 K) & = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.3 Hz, 4H, Ha), 9.32 (d, /= 4.3 Hz,
4H, Ha), 9.00-8.90 (m, 24H, Hysy), 8.86 (d, J = 4.5 Hz, 4H, Hy), 8.39-8.31 (m, 20H, Hoy), 8.29 (d, J = 4.4
Hz, 4H, Hs), 8.18 (d, J = 4.5 Hz, 4H, Hy), 7.52-7.44 (m, 32H, Ho1.2,), 6.88-6.85 (m, 4H, H1), 6.80-6.76 (m,
8H, H,), 6.74 (d, J = 2.3 Hz, 4H, H,2), 4.15-3.98 (m, 64H, Hoe), 1.88-1.70 (m, 64H, Hox), 1.48-1.13 (m,
320H, Hox), 0.83 (t, /= 7.0 Hz, 24H, Ho), 0.81-0.73 (m, 72H, Ho) ppm.

MALDI-ToF m/z 8294.738 (calculated for [C512H658N320322ng]'* = (M)’+i 8295.521).
UV-vis-NIR (CDCls, 298 K) Amax (¢ / 106 M™" cm™): 411 (0.74), 498 (0.67), 576 (0.40) nm.

Retention time: 32.9 min.
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OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

'H NMR (600 MHz, CDCls, 298 K) & = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.6 Hz, 4H, Ha), 9.32 (d, J = 4.2 Hz,
4H, Ha), 9.03-8.89 (m, 32H, Hysy), 8.86 (d, J = 4.9 Hz, 4H, Hy), 8.39-8.33 (m, 28H, Hop), 8.29 (d, J = 4.9
Hz, 4H, Hs), 8.18 (d, J = 5.0 Hz, 4H, He), 7.54-7.45 (m, 40H, Ho1.02.,), 6.86 (s, 4H, Hy1), 6.81-6.76 (m, 12H,
H,), 6.74 (s, 4H, H,2), 4.15-3.99 (m, 80H, Ho), 1.87-1.71 (m, 80H, Hoer), 1.49-1.14 (m, 400H, Ho), 0.86—
0.82 (m, 24H, Hox), 0.82-0.73 (m, 96H, Ho) ppm.

MALDI-ToF m/z 10,370.405 (calculated for [Csz}()ngzN4oO4oZIl10]'+ = (M)'+Z 10,368.648).

Retention time: 32.1 min.
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OctO OOct OctO

'H NMR (600 MHz, CDCls, 298 K) & = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.2 Hz, 4H, Hy), 9.32 (d, J = 4.2 Hz,
4H, Ha), 9.00-8.90 (m, 40H, Hysy), 8.86 (d, J = 4.5 Hz, 4H, Hy), 8.42-8.31 (m, 36H, Hop), 8.29 (d, J = 4.4
Hz, 4H, Hs), 8.18 (d, J = 4.5 Hz, 4H, Hy), 7.55-7.44 (m, 48H, Ho102.), 6.88-6.83 (m, 4H, Hp1), 6.82-6.75 (m,
16H, H,), 6.75-6.71 (m, 4H, H,2), 4.14-3.99 (m, 96H, Hox), 1.87-1.71 (m, 96H, Hoc), 1.50-1.14 (m, 480H,
Hoc), 0.83 (1, J = 6.9 Hz, 24H, Hour), 0.81-0.74 (m, 120H, Hoe) ppm.

OOct OctO OOct OctO OOct OctO OOct

MALDI-ToF m/z 12,440.091 (calculated for [C76sHoseNasOuasZn 2] = (M)™": 12,442.775).
UV-vis-NIR (CDCl3, 298 K) Amax (¢ / 10 Mt cm™): 414 (1.11), 505 (1.03), 585 (0.66) nm.

Retention time: 31.3 min.

'H NMR (600 MHz, CDCls, 298 K) &y = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.2 Hz, 4H, Hy), 9.31 (d, J = 4.2 Hz,
4H, Ha), 9.01-8.89 (m, 48H, Hysy), 8.85 (d, J = 4.7 Hz, 4H, Hy), 8.47-8.31 (m, 44H, Hoy), 8.29 (d, J= 4.5
Hz, 4H, Hs), 8.17 (d, J = 4.5 Hz, 4H, He), 7.54-7.44 (m, 56H, Hot.02.), 6.86 (s, 4H, Hp1), 6.81-6.76 (m, 20H,
H,), 6.73 (s, 4H, H,2), 4.15-3.99 (m, 112H, Hoer), 1.88-1.71 (m, 112H, Hoer), 1.49-1.14 (m, 560H, Hoe), 0.83
(t, J= 6.8 Hz, 24H, Hox), 0.81-0.73 (m, 144H, Hoer) ppm.

MALDI-ToF m/z 14,515.204 (calculated for [Cg%Hl1501\15605621114]'+ = (M)‘+2 14,515.901).

Retention time: 30.8 min.
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OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

'H NMR (600 MHz, CDCls, 298 K) & = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.2 Hz, 4H, Hy), 9.32 (d, J = 4.1 Hz,
4H, H3), 9.03-8.90 (m, 56H, Hasy), 8.86 (d, J = 4.3 Hz, 4H, Hy), 8.42-8.32 (m, 52H, Hoy), 8.29 (d, J = 4.3
Hz, 4H, Hs), 8.18 (d, J = 4.4 Hz, 4H, Hy), 7.55-7.44 (m, 64H, Ho1.02,0), 6.86 (t, J = 2.3 Hz, 4H, H,1), 6.81-6.76
(m, 24H, H,), 6.74 (t, J = 2.3 Hz, 4H, H,2), 4.20-3.96 (m, 128H, Hoer), 1.88-1.71 (m, 128H, Hoer), 1.49-1.13
(m, 640H, Hoe), 0.84 (t, J= 6.9 Hz, 24H, Hoe), 0.82-0.73 (m, 168H, Hoer) ppm.

MALDI-ToF m/z 16,589.711 (calculated for [C1024H1314N64064ZII16]'+ = (M)’+Z 16,590.028).

Retention time: 30.2 min.

OctO OOct OctO

"H NMR (600 MHz, CDCls, 298 K) & = 10.41 (s, 2H, Hy), 9.52 (d, J = 4.0 Hz, 4H, H>), 9.31 (d, /= 4.0 Hz,
4H, H3), 9.02-8.89 (m, 64H, Hagg), 8.85 (d, J = 4.3 Hz, 4H, H7), 8.42-8.30 (m, 60H, Hog), 8.28 (d, J=4.7
Hz, 4H, Hs), 8.16 (d, J=4.5 Hz, 4H, Hs), 7.54-7.44 (m, 72H, Ho1,02,0), 6.88—6.84 (m, 4H, H,1), 6.81-6.75 (m,
28H, Hp), 6.74-6.72 (m, 4H, H,2), 4.17-3.96 (m, 144H, Ho.t), 1.88—1.71 (m, 144H, Hoc), 1.50-1.12 (m, 720H,
Hoct), 0.93-0.72 (m, 216H, Hoc) ppm.

OOct OctO OOct OctO OOct OctO OOct

MALDI-ToF m/z 18,662.517 (calculated for [C1152H1478N7207QZII18]'+ = (M)’+Z 18,663.155).

Retention time: 29.7 min.
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IH NMR (600 MHz, CDCls, 298 K) &y = 10.42 (s, 2H, Hy), 9.53 (d, J = 4.0 Hz, 4H, Hy), 9.32 (d, J = 3.9 Hz,
4H, H3), 9.05-8.89 (m, 72H, Hasyp), 8.86 (d, J = 4.5 Hz, 4H, Hy), 8.42-8.31 (m, 68H, Hoyp), 8.29 (d, J = 4.4
Hz, 4H, Hs), 8.18 (d, J = 4.7 Hz, 4H, Hy), 7.60-7.44 (m, 80H, Hy1.2,), 6.87—6.85 (m, 4H, H,1), 6.81-6.75 (m,
32H, H,), 6.74-6.72 (m, 4H, H,2), 4.20-3.96 (m, 160H, Ho), 1.89-1.70 (m, 160H, Hoer), 1.50—1.13 (m, 800H,
Hoer), 0.86-0.73 (m, 240H, Hoer) ppm.

MALDI-ToF m/z 20,759.173 (calculated for [C1280H1642NgoOgoZIlzo]'+ = (M)’+Z 20,737.282).

Retention time: 29.2 min.

OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

"H NMR (600 MHz, CDCl;, 298 K): 8n = 10.42 (s, 2H, Hy), 9.52 (d, J = 3.9 Hz, 4H, H;), 9.33-9.30 (m, 4H,
Hs), 9.02-8.90 (m, 80H, Haggp:), 8.87-8.84 (m, 4H, Hy), 8.42-8.32 (m, 76H, Hyy), 8.30-8.27 (m, 4H, Hs),
8.19-8.15 (m, 4H, He), 7.56—7.44 (m, 88H, Ho1,02,0), 6.87-6.85 (m, 4H, Hp1), 6.81-6.76 (m, 4H, H,), 6.74—
6.72 (m, 4H, H,2), 4.26-3.89 (m, 176H, Ho.t), 1.87-1.70 (m, 176H, Hoet), 1.49-1.15 (m, 880H, Hoc), 0.87—
0.73 (m, 264H, Hoc) ppm.

MALDI-ToF m/z 22,838.975 (calculated for [C1408H1goéNggOganzz]'+ = (M)’+Z 22,810.408).

Retention time: 28.9 min.
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OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

'H NMR (700 MHz, CDCl;, 298 K): 8y = 10.42 (s, 2H, Hy), 9.53 (d, J = 3.9 Hz, 4H, H,), 9.34-9.29 (m, 4H,
H), 9.01-8.90 (m, 88H, Hysy), 8.86 (d, J = 4.3 Hz, 4H, Hy), 8.41-8.33 (m, 84H, Hoyp), 8.31-8.26 (m, 4H,
Hs), 8.18 (d, J = 4.1 Hz, 4H, Hy), 7.56-7.44 (m, 96H, Ho1,02,0), 6.88-6.85 (m, 4H, H1), 6.82-6.76 (m, 40H,
H,), 6.75-6.72 (m, 4H, H,2), 4.20-3.93 (m, 192H, Hox), 1.88-1.72 (m, 192H, Hoe), 1.50-1.13 (m, 960H,
Ho), 0.87-0.73 (m, 288H, Hoc) ppm.

'H Diffusion NMR (500 MHz, CDCl;, 298 K) D =9.40-10"' m? s,
MALDI-ToF m/z 24,883.667 (calculated for [C1536H1970N9609621124]'+ = (M)’+Z 24,883.534).
UV-vis-NIR (CDCls, 298 K) Amax (¢ / 10° M em™): 411 (2.37), 504 (2.60), 579 (1.86) nm.

Retention time: 28.4 min.

J

OOct OctO

OctO OOct OctO OOct OctO OOct OctO OOct

"H NMR (600 MHz, CDCls, 298 K): én = 10.43 (s, 2H, Hj), 9.61-9.47 (m, 4H, H,), 9.37-9.28 (m, 4H, H3),
9.12-8.88 (m, 112H, H4gsp-), 8.87-8.83 (m, 4H, H7), 8.48-8.32 (m, 108H, Hog), 8.31-8.28 (m, 4H, Hs), 8.19—
8.16 (m, 4H, Hs), 7.57-7.45 (m, 120H, Ho1,02,0), 6.88-6.85 (m, 4H, H,1), 6.83-6.76 (m, 52H, H,), 6.75-6.73
(m, 4H, H,), 4.36-3.82 (m, 240H, Hot), 1.91-1.69 (m, 240H, Hoc), 1.48-1.08 (m, 1200H, Ho.), 0.86-0.74
(m, 360H, Hoc) ppm.

MALDI-ToF m/z 31,090.715 (calculated for [C1920H2462N1200120Zn30]'+ = (M)’+i 31,103.915).

Retention time: 27.4 min.
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OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

'H NMR (600 MHz, CDCls, 298 K) & = 10.43 (s, 2H, Hy), 9.53 (d, J = 4.1 Hz, 4H, H,), 9.37-9.28 (m, 4H,
H;), 9.03-8.91 (m, 136H, Hagy), 8.87-8.85 (m, 4H, Hy), 8.42-8.33 (m, 132H, Hoy), 8.29 (d, J = 4.6 Hz, 4H,
Hs), 8.20-8.17 (m, 4H, Hg), 7.58-7.44 (m, 144H, H,1,2,0), 6.88-6.85 (m, 4H, H,1), 6.82-6.77 (m, 64H, H,),
6.75-6.73 (m, 4H, H,2), 4.45-3.83 (m, 288H, Hoer), 1.91-1.69 (m, 288H, Hox), 1.49-1.13 (m, 1440H, How),
0.88-0.73 (m, 432H, Ho) ppm.

MALDI-ToF m/z 37,333.64 (calculated for [C2304H2954N144O144Zn36]'* = (M)'+i 37,325.304).

Retention time: 26.5 min.

[-P12-Br;:

To a stirred solution of I-P12 (12 mg, 0.96 umol) in CHCI; (5.0 mL) with pyridine (50 uL) in an ice bath (0
°C), a solution of N-bromosuccinimide (0.36 mg, 2.0 umol) in CHCI; (1.0 mL) was added dropwise. The
reaction was conducted at 0 °C for 5 minutes, and acetone (0.1 mL) was added to quench the excess N-
bromosuccinimide. The resulting mixture was purified by flash column chromatography on silica gel using
CH,Cly/pentane 1:1 as eluent to give the desired product /-P12-Br; (11 mg, 87%).

'H NMR (600 MHz, CDCl, 298 K): 81 = 9.89 (d, J = 4.4 Hz, 4H, Hy), 9.21 (d, J = 4.4 Hz, 4H, H), 9.01—
8.89 (m, 36H, Hy), 8.87 (d, J= 4.4 Hz, 4H, Hy), 8.83 (d, J = 4.3 Hz, 4H, Hs), 8.40-8.29 (m, 36H, Hsy), 8.22
(d, J= 4.5 Hz, 4H, Hy), 8.18 (d, J = 4.1 Hz, 4H, Hs), 7.55-7.47 (m, 32H, H,), 7.47-7.41 (m, 16H, Ho1.),
6.86-6.83 (m, 4H, H,1), 6.80-6.75 (m, 16H, H,), 6.75-6.72 (m, 4H, H,2), 4.14-3.98 (m, 96H, Howr), 1.88-1.71
(m, 96H, Hoc), 1.50-1.14 (m, 480H, Hoc), 0.87-0.72 (m, 144H, Hoe) ppm.

UV-vis-NIR (CDCl3, 298 K) Amax (¢ / 10 M~ cm™): 418 (1.08), 504 (1.07), 585 (0.67) nm.
MALDI-ToF m/z 12,601.859 (calculated for [C76sHosaBraNasOasZni2]™" = (M)™: 12,600.594).
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[-P12-(C,THS)::

OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

A mixture of /-P12-Br; (20 mg, 1.6 umol), Pd(PPhs)4 (0.73 mg, 0.63 umol) and Cul (0.12 mg, 0.63 pmol) in
dry toluene (1.5 mL) and i-ProNH (1.5 mL) was degassed by three freeze-pump-thaw cycles. After that, THS-
acetylene® (3.6 uL, 9.6 pmol) was added to the mixture and the reaction was conducted at 50 °C under argon
for 3 hours. After the reaction, the resulting mixture was concentrated and purified by flash column
chromatography on silica gel using pentane/CH,Cl, (1:1) as eluent to give the crude product. The crude product
was recrystallised by layer addition (CH>Cl,/MeOH) to give the title compound (17 mg, 85% yield).

"H NMR (600 MHz, CDCl;, 298 K) 61 = 9.88 (d, J= 4.4 Hz, 4H, Hy), 9.19 (d, /= 4.4 Hz, 4H, H>), 9.00-8.89
(m, 36H, H7p'), 8.86 (d, J=4.6 Hz, 4H, He), 8.80 (d, J=4.5 Hz, 4H, H3), 8.43-8.29 (m, 36H, Hsp), 8.23-8.16
(m, 8H, Hyjs), 7.54-7.48 (m, 32H, H,), 7.47-7.41 (m, 16H, Ho1,,2), 6.87-6.83 (m, 4H, H,1), 6.81-6.75 (m, 16H,
H,), 6.75-6.72 (m, 4H, H}), 4.13—4.00 (m, 96H, Hoc), 1.89-1.72 (m, 108H, Hoct,tus), 1.66—1.58 (m, 12H,
Hras), 1.50-1.14 (m, 504H, Hocttns), 1.13—-1.08 (m, 12H, Hrns), 0.96 (t, J = 7.0 Hz, 16H, Hrnus), 0.86-0.73
(m, 144H, Hoc) ppm.

UV-vis-NIR (CDCls, 298 K) Amax (£ / 106 M~ cm™): 415 (1.93), 504 (2.18), 585 (1.36) nm.
MALDI-ToF m/z 13,056.045 (calculated for [CgogH10621\14804gSizznlz]'+ = (M)’+i 13,055.324).

[-P24-Br;:

OctO OOct OctO OOct OctO 0OOct OctO OOct OctO OOct

To a stirred solution of I-P24 (20 mg, 0.80 pmol) in CHCI; (5.0 mL) with pyridine (50 pL) in an ice bath (0
°C), a solution of N-bromosuccinimide (0.30 mg, 1.7 umol) in CHCI; (1.0 mL) was added dropwise. The
reaction was conducted at 0 °C for 5 min, and acetone (0.1 mL) was added to quench the excess N-
bromosuccinimide. The resulting mixture was purified by flash column chromatography on silica gel using
CH,Cly/pentane 1:1 as eluent to give the desired product /-P24-Br; (20 mg, 99%).

'H NMR (700 MHz, CDCls, 298 K) 8, = 9.89 (d, J = 4.1 Hz, 4H, Hy), 9.21 (d, J = 4.0 Hz, 4H, Hy), 9.01-8.91
(m, 84H, Hyyp), 8.89-8.85 (m, 4H, H), 8.84-8.82 (m, 4H, Hs), 8.42-8.31 (m, 84H, Hsy), 8.23-8.20 (m, 4H,
H.), 8.20-8.16 (m, 4H, Hs), 7.55-7.48 (m, 80H, H,), 7.46-7.44 (m, 8H, H,z2), 7.44-7.42 (m, 8H, Hy1), 6.86-
6.84 (m, 4H, H1), 6.82-6.76 (m, 40H, H,), 6.75-6.72 (m, 4H, H,2), 4.16-3.98 (m, 192H, Ho), 1.89-1.70 (m,
192H, Howr), 1.51-1.12 (m, 960H, Hoer), 0.92-0.70 (m, 288H, Hocr) ppm.

UV-vis-NIR (CDCls, 298 K) Amax (¢ / 106 M~ cm™): 415 (2.16), 507 (2.31), 587 (1.60) nm.
MALDI-ToF m/z 25,039.447 (calculated for [C1536H1965;]31'21\19609621124]'+ = (M)’+i 25,041 .353).
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[-P24-(C,THS)::

OctO OOct OctO OOct OctO OOct OctO OOct OctO OOct

A solution of I-P24-Br; (20 mg, 0.87 pmol) in i-Pr,NH (2 mL) and toluene (2 mL) was subjected to freeze-
pump-thaw cycles (2). While the solution was still frozen and under Ar, Pd(PPhs)4 (1.0 mg, 0.87 umol) and
Cul (0.17 mg, 0.87 umol) were added, and the contents were subjected to additional freeze-pump-thaw cycles
(2). THS-acetylene® (3 puL, 3 mg, 9 umol) was added and the reaction mixture was stirred at 50 °C for 3 hours.
The reaction mixture was filtered through a pad of silica (CHCls/pentane 1:1) and concentrated under reduced
pressure. Purification of the crude by size-exclusion chromatography (Bio-Beads, S-X1, CHCIl;), followed by
precipitation from CHCIl3/MeOH gave the title compound as a brown powder (18 mg, 90%).

"H NMR (700 MHz, CDCls, 298 K) éu = 9.89 (d, J = 4.1 Hz, 4H, Hy), 9.22-9.18 (m, 4H, H;), 9.03-8.89 (m,
84H, H7p), 8.88-8.85 (m, 4H, Hp), 8.83-8.79 (m, 4H, H3), 8.43—8.30 (m, 84H, Hsg), 8.23-8.18 (m, 8H, Hys),
7.57-7.48 (m, 80H, H,), 7.46-7.42 (m, 16H, H 41,02), 6.87-6.83 (m, 4H, Hp1), 6.81-6.75 (m, 40H, H,,), 6.75—
6.72 (m, 4H, H;»), 4.18-3.95 (m, 192H, Hoc), 1.89—1.72 (m, 204H, Hoct,trs), 1.65-1.60 (m, 12H, Hrrs), 1.50—
1.15 (m, 984H, Hoct,tus), 1.11 (t,J=8.5 Hz, 12H, Hrns), 0.96 (t,J = 7.1 Hz, 18H, Hrns), 0.86—0.74 (m, 288H,
Hoc) ppm.

UV-vis-NIR (CDCls, 298 K) Amax (¢/ 106 M" cm™): 411 (2.01), 504 (2.41), 579 (1.71) nm.
MALDI-ToF m/z 25,496.141 (calculated for [C1576H2046NosO06Si2Zno4]™ = (M)™": 25,497.084).
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To a solution of I-P24-(C2THS); (14.3 mg, 0.57 umol) in CH2Cl, (6 mL) and CHCl; (6 mL) was added TBAF
(1.0 M in THF, 1.4 mL, 1.4 mmol). After stirring for 1 h, AcOH (1.4 mL) was added, and the reaction mixture
was passed through a short pad of silica (CHCIl;). Toluene (30 mL) was added to the filtrate, and the chlorinated
solvents were removed under reduced pressure. The remaining toluene solution was washed with saturated aq.
NaxCOs; (3 x 25 mL), H>O (1 x 25 mL), dried over Na>SOs, filtered, and concentrated under reduced pressure.
The deprotected 24-mer was passed through a size-exclusion column (Bio-Beads, S-X1, CHCIs). The isolated
yield of 24-mer was determined as 12.5 mg (89%). Deprotected 24-mer (12.5 mg, 0.50 umol) was dissolved
in CHCl; (250 mL) in a 1-L flask and a solution of T12 template (5.32 mg, 1.0 umol, 2.0 equiv) in CHCl; (220
mL) was added. A catalyst mixture was prepared by dissolving Cul (54 mg, 284 umol), Pd(PPh;),Cl> (39 mg,
56 umol), and 1,4-benzoquinone (121 mg, 1120 umol) in i-Pro,NH (1.2 mL) and CHCI3 (48 mL) using
sonication. The catalyst mixture was added to the reaction flask and it was left stirring exposed to the
atmosphere. Progress was monitored by analytical GPC (Figure 9). After 18 hours, THF + 1% pyridine (50
mL) was added to the reaction mixture and it was concentrated under reduced pressure to a volume of ca. 10
mL. The solution was passed through a short size-exclusion column (Bio-Beads S-X1, THF + 1% pyridine),
removing unreacted 1,4-benzoquinone (orange band), and concentrated under reduced pressure. Purification
by recycling GPC (loaded in THF + 20% pyridine; eluted in THF + 1% pyridine), followed by further size-
exclusion chromatography (Bio-Beads S-X1, CHCIl;) gave the title compound (3.22 mg, 26%).

'"H NMR (700 MHz, CDCl3, 298 K) 8 = 10.14 (d, J = 4.3 Hz, 4H, Hy), 9.60-8.53 (m, 104H, Hz36p + Hp),
8.53-8.11 (m, 56H, Hysp), 8.10-6.96 (m, 120H, Hp + H,), 6.98-6.52 (m, 48H, Hp1,p2,p), 4.60-3.36 (m, 192H,
OCHb»), 1.94-1.60 (m, 192H, CH>), 1.60-1.06 (m, 960H, 5 x CH>), 0.96-0.60 (m, 288H, CH3) ppm.

"H Diffusion NMR (700 MHz, CDCl3, 298 K) D =1.33 x 101" m?s”".

BC NMR (151 MHz, CDCls, 298 K) 8¢ = 158.38 (Carmeta), 154.99 (Crv), 150.26 (Cy), 144.48 (Cineso’), 134.27
(Cy), 132.25 (Cy), 122.94 (Cineso), 120.29 (Caripso), 114.28 (C,), 101.19 (C,), 68.44 (OCH>), [32.09, 31.93,
31.90, 31.87, 31.86] (CH>), [29.86, 29.82, 29.53, 29.52, 29.48, 29.46, 29.36, 29.33, 29.30] (2 x CH,), [26.26,
26.20] (CH»), [22.85, 22.77, 22.71] (CH>), [14.27, 14.20, 14.15] (CH,) ppm (signals corresponding to the
butadiyne link were not observed).

UV-vis-NIR (CDCl3, 298 K) Amax (¢/ 10° M cm™): 411 (1.71), 503 (2.12), 578 (1.19), 683 (0.10) nm.
MALDI-ToF m/z 24,927.485 (Calculated for [C154()H1968N9609621124]'+ = (M)'+2 24,929.930).

Retention time: 29.7 min.
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c-P24b Reaction
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Figure 9. Analytical GPC traces (THF + 1% pyridine, A =420 nm) of the reaction mixture from cyclisation of
linear 24-mer I-P24e (black trace), deprotected linear 24-mer, /-P24e (red trace), and isolated c-P24b after
recycling-GPC (blue trace).
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Figure 10. Plot of retention time versus molecular weight, including unsubstituted linear oligomers (open
circles) and the cyclic 24-ring, c-P24b (solid circle). Retention times were obtained from analytical GPC traces
(JAIGEL-3H-A (8 x 500 mm) and JAIGEL-4H-A (8 x 500 mm) columns in series, THF + 1% pyridine, A =
420 nm) using P1 as reference.
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¢-P24b-(T12)y:

octo_R_ooct
Ar = o@

The complex of ¢-P24b with two T12 templates was formed in an NMR tube: ¢-P24b (2.25 mg, 0.090 umol)
was dissolved in CDCl; (500 pL) and an excess of T12 was added in small increments (115 uL in total, 1.8
mM in CDCls, 2.25 equiv). Near the end of the titration (at 2.0 equiv of T12), pyridine-ds was added (5 pL,
0.125 M in CDCl;) to break-up any non-equilibrated (precipitated) material of c-P24b and T12. The point of
saturation was marked by the appearance of free T12 'H resonances (at 2.25 equiv of T12) as shown in Figure
11. Unbound T12 was removed by repeated size-exclusion chromatography (Bio-Beads, S-X1, CHCIly),
affording the c-P24b-(T12); complex (3.11 mg, 97%).

'H NMR (700 MHz, CDCls, 298 K) 61 = 10.11-9.96 (m, 2H, Hy), 9.93-9.77 (m, 2H, Hy+), 9.61-8.67 (m, 96H,
Hp'), 8.66-7.44 (m, 120H, H, + 1/0), 7.46-6.98 (m, 60H, & + /0 + vx), 6.97-6.70 (m, 60H, H, + ), 6.68—
6.21 (m, 60H, vk + 8 + ), 6.00-5.56 (m, 48H, Bey), 4.45-3.37 (m, 240H, OCH; Oct + 3), 3.35-2.86 (m,
48H, apy), 2.84-2.49 (m, 24H, G4), 2.48-2.24 (m, 24H, 64"), 2.24-0.40 (m, 1848H, aliphatic) ppm.

'H Diffusion NMR (700 MHz, CDCl;, 298 K) D=1.37 x 1071 m? 571,

UV-vis-NIR (CDCl, 298 K) /max (¢ / 106 M~ cm): 319 (1.24), 421 (2.15), 512 (2.19), 594 (1.16), 628 (0.26),
651 (0.19), 721 (0.086) nm.

MALDI-ToF m/z 35,664.706 (calculated for [szt)eHz772N120012021124]°+ = (M)'+2 35,539.767).
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Figure 11. Formation titration of the complex ¢-P24b-(T12),. From top to bottom: 'H NMR spectra (500 or
700 MHz, CDCl;, 298 K) at the incremental stages 0 equiv, 0.5 equiv, 1.0 equiv, 2.0 equiv, and 2.25 equiv of
T12, isolated T12, and isolated c-P24b-(T12), complex after size-exclusion chromatography. 'H resonances,
corresponding with unbound T12, are highlighted in the spectrum with 2.25 equiv of T12 added. * = CHCls;
w = water; # = silicone grease; x = THF.
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P1-CPDIPS:

To a solution of P1'° (100 mg, 96.3 umol) in CHCI; (8.0 mL) and pyridine (80 pL) at 0 °C was added a solution
of N-bromosuccinimide (17.1 mg, 96.3 umol). The reaction mixture was stirred for 1 hour and quenched by
addition of acetone (0.1 mL). The resulting mixture was filtered through a pad of silica (CH>Cl./pentane 1:1),
and concentrated under reduced pressure. The crude containing P1, mono-, and dibrominated P1, was
subjected directly to the next step. The crude mixture together with Pd(PPhs)s (28 mg, 24 pmol) and Cul (1.8
mg, 9.6 umol) was dissolved in dry i-Pr,NH (2 mL) and toluene (2 mL), and subjected to three freeze-pump-
thaw cycles. After that, CPDIPS-acetylene® (80 mg, 385 umol) was added and the reaction mixture was stirred
at 50 °C under argon for 2 hours. The reaction mixture was separated by column chromatography (SiOa,
gradient elution: CH,Cly/pentane 1:1 to CH»Cl,, giving the title compound (70 mg, 58%).

'H NMR (600 MHz, CDCls, 298 K) & = 10.20 (s, 1H, Hy), 9.78 (d, J = 4.4 Hz, 2H, Hs), 9.34 (d, J = 4.4 Hz,
2H, Hy), 9.17 (d, J = 4.5 Hz, 2H, Ha), 9.15 (d, J = 4.4 Hz, 2H, H3), 7.37 (d, J = 2.2 Hz, 4H, H,), 6.90 (t, J =
2.2 Hz, 2H, H,), 4.13 (t, J = 6.7 Hz, 8H, How), 2.59 (t, J= 6.9 Hz, 2H, Hy), 2.27-2.21 (m, 2H, Hy), 1.88 (p, J
= 7.6 Hz, 8H, How), 1.51 (p, J = 7.6 Hz, 8H, Ho), 1.48-1.24 (m, 46H, Hoer-Hsii.pr), 1.21-1.16 (m, 2H, Hs),
0.87 (t, J = 6.8 Hz, 12H, Hoe) ppm.

3C NMR (151 MHz, CDCls, 298 K) 8¢ = 158.50, 152.46, 150.55, 149.88, 149.82, 144.11, 133.29, 132.80,
132.13, 130.89, 121.66, 119.94, 114.49, 110.61, 107.86, 101.16, 99.73, 96.50, 68.57, 31.96, 29.56, 29.39,
26.28,22.80,21.87, 21.19, 18.82, 18.55, 14.23, 12.51, 10.33 ppm.

UV-vis-NIR (CDCls, 298 K) humax (¢ / 105 M~ cm™): 407 (0.068), 426 (0.57), 490 (0.0018), 516 (0.0039), 555
(0.024), 592 (0.011) nm.

MALDI-ToF m/z 1241.641 (calculated for [C76Hi03Ns04SiZn]™" = (M)"": 1241.7065).

I-P2-CPDIPS:

OctO OOct OctO' OOct

To a solution of /-P2 (60 mg, 29 pmol) in CHCI3 (5.0 mL) and pyridine (50 pL) at 0 °C was added a solution
of N-bromosuccinimide (5.1 mg, 29 umol) in CHCI; (1.0 mL). The reaction mixture was stirred for 5 min and
quenched by addition of acetone (0.1 mL). The resulting mixture was filtered through a pad of silica
(CH2Cly/pentane 1:1), and concentrated under reduced pressure. The crude containing /-P2, mono-, and
dibrominated /-P2, was subjected directly to the next step. The crude mixture together with Pd(PPhs)4 (3.3 mg,
2.9 pmol) and Cul (0.6 mg, 2.9 umol) was dissolved in dry i-Pro>NH (2.5 mL) and toluene (2.5 mL), and
subjected to three freeze-pump-thaw cycles. After that, CPDIPS-acetylene’ (12 mg, 58 umol) was added and
the reaction mixture was stirred at 50 °C under argon for 2 hours. The reaction mixture was separated by
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column chromatography (SiO», gradient elution: CH,Cl,/pentane 1:1 to 3:1, giving the title compound (35 mg,
53%).

"H NMR (600 MHz, CDCl3, 298 K) 8y = 10.38 (s, 1H, Hy), 9.83 (d, J = 4.6 Hz, 2H, Hy), 9.48 (d, /= 4.5 Hz,
2H, H,), 9.26 (d, J = 4.5 Hz, 2H, H3), 9.18 (d, /= 4.6 Hz, 2H, Hs), 8.82 (d, /= 4.7 Hz, 2H, Hy), 8.69 (d, J =
4.7 Hz, 2H, H7), 8.12 (d, J=4.7 Hz, 2H, Hs), 8.00 (d, /= 4.7 Hz, 2H, Hs), 7.41 (d, J= 2.3 Hz, 4H, Ha), 7.36
(d,J=2.3 Hz, 4H, H»), 6.80 (t,J=2.3 Hz, 2H, Hj»1), 6.78 (t,J=2.3 Hz, 2H, H2), 4.09 — 4.00 (m, 16H, Hoc),
2.64 (t,J=6.9 Hz, 2H, Hy2), 2.34-2.26 (m, 2H, H11), 1.83-1.74 (m, 16H, Ho), 1.55-1.38 (m, 20H, Hipr,0ct),
1.33-1.15 (m, 58H, Hio,0ct), 0.80 (t, J= 6.9 Hz, 24H, Ho.) ppm.

UV-vis-NIR (CDCl3, 298 K) Amax (¢ / 10° M™! ecm™): 433 (0.20), 462 (0.25), 550 (0.030), 575 (0.037), 619
(0.019) nm.

MALDI-ToF m/z 2280.092 (calculated for [C140H135sN9OsSiZn;] ™ = (M)*": 2280.270).

Tetrabutylammonium fluoride solution (1.0 M in THF, 0.16 mL, 0.16 mmol) was added to a solution of P1-
CPDIPS (40 mg, 32 umol) in CH,Cl,/CHCIs 1:1 (8 mL). After stirring for 2 hours, AcOH (0.2 mL) was added
and the reaction mixture was filtered through a pad of silica (CH>Cl,/pentane 1:1). After evaporation of the
solvents, the desilylated residue was dissolved in i-ProNH (0.75 mL) and toluene (3 mL) and a catalyst mixture
of Cul (3.1 mg, 16 umol), 1,4-benzoquinone (7.0 mg, 64 pumol), and Pd(PPh;),Cl, (2.3 mg, 3.2 umol) in i-
ProNH (0.75 mL) and toluene (3 mL) was added. The reaction mixture was stirred vigorously in an open flask
and after 1 hour filtered through a pad of silica (CH2Cly/petrol ether 1:1), and the solvents were evaporated
under reduced pressure. Purification by recycling GPC (toluene + 1% pyridine), followed by precipitation from
CHCIl3/MeOH gave the title compound (35 mg, 51%) as a green powder.

'H NMR (600 MHz, CDCls, 298 K) & = 10.11 (s, 2H, Hy), 10.02 (d, J= 4.5 Hz, 4H, Hs), 9.29 (d, J= 3.5 Hz,
4H, Hy), 9.25 (d, J= 4.5 Hz, 4H, Hy), 9.14 (d, J= 3.5 Hz, 4H, Hj), 7.45-7.41 (m, 8H, H,), 6.95-6.90 (m, 4H,
H,), 4.16 (t, J= 7.0 Hz, 16H, Hoe), 1.93-1.86 (m, 16H, Hoer), 1.56-1.50 (m, 16H, Hoe), 1.42-1.36 (m, 16H,
Hoc), 1.36-1.24 (m, 48H, Hox), 0.89-0.84 (m, 24H, Hoe) ppm.

3C NMR (151 MHz, CDCls, 298 K) 8¢ = 158.55, 153.21, 150.72, 149.75, 149.73, 144.05, 133.52, 132.82,
132.14, 131.01, 122.01, 114.54, 108.19, 101.30, 99.03, 87.47, 82.27, 68.62, 31.97, 29.59, 29.41, 26.30, 14.24

UV-vis-NIR (CDCls, 298 K) hunax (¢ / 10° M! cm™): 438 (0.269), 446 (0.316), 478 (0.245), 562 (0.039), 613
(0.041), 660 (0.065) nm.

MALDI-ToF m/z 2123.103 (calculated for [C13,H;66NsOsZno]™ = (M)™*: 2123.141).
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OctO OOct OctO' OOct OctO OOct OctO OOct

Tetrabutylammonium fluoride solution (1.0 M in THF, 0.10 mL, 0.10 mmol) was added to a solution of /-P2-
CPDIPS (25 mg, 11 umol) in CH>Cl, (1.0 mL). After stirring for 30 min, AcOH (10 pL) was added and the
reaction mixture was filtered through a pad of silica (CH,Cl,/pentane 1:1). After evaporation of the solvents,
the desilylated residue was dissolved in i-PrNH (1.0 mL) and CHCl; (4.0 mL) and a catalyst mixture of Cul
(1.0 mg, 5.5 umol, 0.5), 1,4-benzoquinone (2.4 mg, 22 umol), and Pd(PPh3),Cl; (0.5 mg, 0.8 pmol) in i-Pro,NH
(1.0 mL) and CHCI; (4.0 mL) was added. The reaction mixture was stirred vigorously in an open flask and
after 1 h filtered through a pad of silica (CH,Cl./pentane 1:1), and the solvents were evaporated under reduced
pressure. Purification by recycling GPC (toluene + 1% pyridine), followed by precipitation from CHCl;/MeOH
gave the title compound (17 mg, 76%).

IH NMR (600 MHz, CDCls) 8 = 10.40 (s, 2H, Hy), 10.18 (d, J = 4.6 Hz, 4H, Hy), 9.50 (d, J = 4.5 Hz, 4H,
H,), 9.32 (d, J = 4.6 Hz, 4H, Hs), 9.29 (d, J = 4.5 Hz, 4H, Hs), 8.88 (d, J = 4.6 Hz, 4H, Hy), 8.73 (d, /= 4.6
Hz, 4H, Hy), 8.19 (d, J = 4.7 Hz, 4H, Hs), 8.04 (d, J = 4.7 Hz, 4H, Hy), 7.49-7.40 (m, 16H, Ho1.02), 6.86-6.80
(m, SH, Hy1,2), 4.14-4.04 (m, 32H, Hoxr), 1.88-1.78 (m, 32H, Hoer), 1.49-1.42 (m, 32H, Hoxr), 1.36-1.19 (m,
128H, Ho), 0.87-0.78 (m, 48H, Hoer) ppm.

UV-vis-NIR (CDCl3) Aanax (£ / 10° M em™'): 412 (0.27), 480 (0.20), 497 (0.27), 546 (0.067), 582 (0.054), 631
(0.048), 679 (0.069) nm.

MALDI-ToF m/z 4196.123 (calculated for |:(3260H3301\I160162114]'+ = (M)”i 4196268)
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Section 6. Scanning tunnelling microscopy

STM details. All STM images were acquired with an Omicron STM-1 system operating under ultra-high
vacuum (UHV) conditions with a base pressure of 2 x 10 mbar. Images were acquired at room temperature
in constant current mode using electrochemically etched tungsten tips, coated in gold during tip optimisation.
All images taken at —1.8 V sample-bias, 20 pA set-point current.

Au(111) on mica surfaces (Georg Albert PVD GmbH) were prepared by cycles or Ar ion sputtering (0.76 keV
for 30 minutes at a pressure of 8.6 x 107 mbar) and annealing (~500 °C, 25 minutes).

Electrospray deposition. c-P24b was synthesised as outlined above and deposited upon a clean Au(111)
substrate via electrospray ionisation. A 50 pg/mL solution of c-P24b in toluene/methanol (3:1 ratio) was
prepared and deposited with a solution flow rate of between 0.1 and 0.03 pL/hour for 45 minutes using a
potential of 1.2 kV to initiate the electrospray event (base pressure during deposition was 1 x 10~ mbar).

Figure 12. Perspective images of c-P24b deposited on to Au(111)/mica via electrospray deposition (image
sizes: 200 x 200 nm and 100 x 100 nm). Images display a low coverage of c-P24b rings, with individual
species being observed on terraces and at step-edges. The ‘fuzzy’/discontinuous appearance of several rings is
attributed to molecular motion at a rate faster than the acquisition time for a single STM image.
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Figure 13. Close-up STM images of individual c-P24b rings on Au(111) [image sizes a-d: 15 x 15 nm, 12.2
x 12.2 nm, 9.6 x 9.6 nm, 28.9 x 28.9 nm]. The ‘bright’ features observed around the rings are attributed to the
non-planar orientation of several porphyrin sub-units. Measurements of the ring dimensions were acquired
from this type of image (measurement positions indicated by red arrows). The measured dimensions were
obtained from line profiles taken across the ‘long’ and ‘short’ axis of the ring with the centre of the peaks
(corresponding to the mid-point within the annulus described by the cyclic molecule) used to define the
dimensions — see Figure 13c.
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Figure 14. a, b, Histograms of the long (a) and short (b) axis distances, as well as, ¢, the flattening factor (f=
1-b/a), for 38 individual c-P24b rings. Average lengths are taken from the forward and backward scans to
compensate for thermal drift and piezoelectric creep: STM dimensions are calibrated using the known
dimensions of substrate features. The wide range of values for the flattening ratio indicates that the nanorings
exhibit a high degree of flexibility. The average values (and standard deviation, SD) obtain from the data sets
are: a = 6.9 nm (SD = 0.9 nm), b =4.4 nm (SD = 0.7 nm), /= 0.4 (SD = 0.2). d, Histogram showing calculated
circumference values for 40 c-P24b rings. The circumference length is estimated from the Ramanujan
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Figure 15. A sequence of three consecutive STM images showing the diffusion of c-P24b nanorings on
Au(111). The acquisition time for each image is 750 s (image size 100 %X 100 nm). The motion of two nanorings
is identified (labelled 1 and 2); with molecule-1 moving a short distance (1a) and molecule-2 observed to move
through several points (2a—c) during the first two images and is seen to have moved outside of the scan-range
in the final image. Mobility is likely due to interaction with the STM tip and linked to the non-planar
conformation of c-P24b.
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Section 7. UV-visible titrations

All UV-vis titrations were performed in CDCIs at 298 K. The directly purchased CDCIl; was passed through
an alumina plug before the titrations. During a titration, the porphyrin concentration was kept constant by
adding porphyrin to the ligand solution. The formation constants (Ky) were determined by fitting the binding
curves to the 1:1 binding isotherm using the equation:

A-Ao _ (Kf([P]0+[L])+1)—J(Kf([P]o+[L])+1)2—4Kf2[P]O[L] "
Ar=4o 2K¢[Plo

where A4 is the observed absorption at a specific wavelength or the difference of absorbance between two
wavelengths; Ay is the starting absorption at this wavelength; Ar is the asymptotic final absorption at this
wavelength; [L] is the concentration of ligand; [ P]o is the concentration of porphyrin host. The fitting analyses
were carried out using OriginPro 2020 software.

Reference titrations with porphyrin monomer (P1) and 4-ethyl pyridine (EtPy)

The binding curves were fitted with equation 1 to give formation constant K¢= (1.19 £ 0.09) x 10* M.
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Figure 16. UV-vis titration of P1and EtPy, R> = 0.99413. (CDCl3, 298 K, [P1] =3.00 x 10° M, K¢=1.10 x
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Formation titrations with porphyrin dimer (/-P2) and bidentate ligand (L)

The binding curves were fitted with equation 1 to give formation constant Kr= (7.81 = 0.21) x 10° M.,
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Figure 18. UV-vis titration of -P2 and L, R? = 0.99990. (CDCls, 298 K, [I-P2] = 2.00 x 105 M, K¢ = 8.01 x
105 M),
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Figure 19. UV-vis titration of -P2 and L, R? = 0.99993. (CDCls, 298 K, [I-P2] = 2.00 x 105 M, K¢ = 7.60 x
105 M),
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Formation titrations with c-P24b and the T12 template

The plateau in the binding isotherms at 0.44 uM of T12 ([T12]/[c-P24b] = 2.0) indicates a 1:2 stoichiometry,
as expected for the complex c-P24b-(T12),.
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Figure 20. UV-vis titration of ¢-P24b and T12 (CDCls, 298 K, [¢-P24b] =2.20 x 10”7 M). Run 1.
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Figure 21. UV-vis titration of ¢-P24b and T12 (CDCls, 298 K, [¢-P24b] =2.20 x 107 M). Run 2.
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Determination of formation constants from denaturation titrations

The formation constant of the porphyrin nanoring c-P24b with template T12 was determined by fluorescence
denaturation titrations with a large excess of the competing ligand quinuclidine (Q). The fluorescence of
template T12 is quenched when bound to the porphyrin nanoring c-P24b. Turn-on fluorescence response is
measured when the bound template T12 is knocked out from the complex by the competing ligand. Followed
by determination the denaturation constant (Ku), the formation constant (Kr) can be calculated using the
following equation:

K N
Ki = 7= @)

where N is the number of quinuclidine binding sites involved (N = 24), and K, is the formation constant of the
porphyrin monomer and quinuclidine, which is determined by direct formation reference titration.

Reference titrations with porphyrin monomer (P1) and Quinuclidine (Q)

The binding curves were fitted with equation 1 to give formation constant Kq = (3.89 = 0.27) x 10° ML,
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Figure 22. UV-vis titration of P1and Q, R*> = 0.99985. (CDCl;, 298 K, [P1]=3.00 x 10° M, Ko = 3.62 x 10°
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Fluorescence Titration of c-P24b-(T12), with Quinuclidine
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Figure 24. Fluorescence titration of ¢-P24b-(T12); and Q (A = 320 nm, CDCl3, 298 K, [¢-P24b-(T12);] =
2.5 x 10”7 M). Run 1. The binding curve on the right shows the intensity of florescence at 472 nm.
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Figure 25. Fluorescence titration of ¢-P24b-(T12); and Q (4ex = 320 nm, CDCl3, 298 K, [¢-P24b-(T12),] =
2.5 x 10”7 M). Run 2. The binding curve on the right shows the intensity of florescence at 472 nm.

Analysis of the 1:2 binding of porphyrin nanoring c-P24b to template T12
Two-Step Model

Assuming there are two equilibria in the denaturation process as shown below, the denaturation constants Kn, 1
and Kqn> can be expressed using eq. 3 and 4, where [c-P24b-(T12):], [c-P24b-T12-Q2], [c-P24b-Q24], [T12]
and [Q] are the concentrations of the species present during the denaturation.

¢-P24be(T12), + 12Q = ¢-P24beT12+Q;, + T12
¢-P24beT12+Q;; + 12Q = ¢-P24beQ,, + T12

[c-P24beT12+Q4,][T12]

Kana = [c-P24be(T12),][Q]*2 v
_ [c-P24beQ24][T12]
Kan1 = Cpaapriz-aniiar ?

The [c-P24b:(T12),] can be expressed using the [c-P24b-(T12):]o (initial concentration of complex c-
P24b-(T12),), [c-P24b-T12-Q12] and [c-P24b-Qa4] as eq. 5. The template concentration [T12] is correlated to
[c-P24b-T12+Q:2] and [¢-P24b-Q24] as eq. 6. As the concentration of the free quinuclidine [Q] present in the
denaturation is much larger than that of the bound quinuclidine, we assume it can be substituted with the [Q]o
(concentration of quinuclidine added).
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[C-P24b'(T12)2] = [C-P24b'(T12)2]0 - [C-P24b’T12’Q12] - [C-P24b’Q24] (5)
[T12] = [c-P24b*T12+Q4,] + 2[c-P24beQ,,] (6)
[Ql ~ [Qlo )

Inserting the eq. 57 to the eq. 3—4 to eliminate the [¢-P24beT12¢Q2] and [c-P24b*Q24] gives a cubic equation
of [T12] as eq. 8.

[T12]3 + Kgn 2[Qlo [T12]% + (Kgn 2Kan1[Qlo>* — Kan2[c-P24be(T12),]0[Q]o"?)[T12] —

2K g 2Kan1[€-P24bs(T12),],[Ql** = 0 (8)

The change in fluorescence at 472 nm during denaturation is directly proportional to [T12] as can be expressed
by eq. 9 and 10. Inserting the root of [T12] to the following eq. 10 gives the relationship between the observed
fluorescence intensity (F) and the [Q]o (concentration of quinuclidine added).

F-Fy, _ [T12] _ [T12] 9
Fe—Fy  [T12]f  2[c-P24be(T12);], ©)

[T12]

= 2[eP2ab(T12)]y X (Fr — Fo) + Fo (10)

Q
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Kdn,l Kdn,l
c-P24b c-P24b-T12 c-P24b-(T12),
24
Kq Ko
Kdn,Z
Kdn,l
T2 f f
c-P24b-Q,, c-P24b-T12-Q,,

Figure 26. Stepwise formation and denaturation of c-P24b-(T12),.
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Figure 27. Fluorescence titration of ¢-P24b-(T12); and Q (A = 320 nm, CDCl3, 298 K, [¢-P24b-(T12);] =
2.5 x 107 M). Analysis by the two-step model gave the binding curve (blue line) with estimated log Kun1 =
25.88, log Kan2 = 26.70, R? = 0.99833 (Run 1); log Kan1 = 25.86, log Kan> = 26.83, R* = 0.99727 (Run 2).
Insert: Hill plots of experimental data and simulated curve (blue line). € is the extent of denaturation against

[Q].

46



One-Step Model

If we assume that 1:1 template complexes c-P24b-T12 and ¢-P24b-T12-Q; are not significantly populated,
then we can apply a simpler model to analyse the denaturation titration, by assuming that the nanoring exists
predominantly as c-P24b+(T12), and c-P24b- Q24 (ref 11).

F-Fy, _ [T12] _  [c-P24b-Q24]
Fe—Fy  [T12]¢  2[c-P24b*(T12)2],

3
) j ﬁJKdrﬁ[Q]o72+271<dn2[c-P24b-(T12)2]oz[Q]o“8+91<dn[c-P24b-(T12)2]o[Q]o“

2[e-P24b+(T12)2], 5

W N

24
Kdn[Q]o (11)

3
e jﬁJKdn3[Q]072+27Kdn2["'P24b'(T12)2]oz[Q]048+9Kdn[C'P24b'(T12)2]o[Q]024

\

Kan -
+ —_— + 2
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Figure 28. Fluorescence titration of ¢-P24b-(T12); and Q (4ex = 320 nm, CDCl3, 298 K, [¢-P24b-(T12),] =
2.5 x 107 M). Analysis by the one-step “all-or-nothing” model gave the binding curve (red line) with estimated
log Kan=52.31, R*=0.96753 (Run 1); log Kan> = 52.87, R*=0.95861 (Run 2). Insert: Hill plots of experimental
data and simulated curve (red line). € is the extent of denaturation against [Q].
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Summary of the formation and denaturation of c-P24b-(T12),

Table 1. Summary of denaturation constants (K4n), formation constants (Kr) and Hill constants (ny) for c-
P24b-(T12); from two-step model.

log Kin1 log Kin log Kr1 log Kt» ni (exp)  nu(calc)
Run 1 25.88 26.70 41.19+ 03601 40.37 +0.36" 5.9 7.6
Run 2 25.86 26.83 4121+0360  40.23 +0.36" 5.4 7.1
average  25.87+0.09@  26.77+0.09"  41.20+037%  40.30 + 0.370 5.7 7.4

(a1 20% standard deviation errors were estimated for the denaturation titrations and data analysis.

 Errors were determined by propagating the errors from the Kq values used and the estimated errors of K.

Table 2. Summary of denaturation constants (K4n), formation constants (Kr) and Hill constants (ny) for c-
P24b-(T12); from one-step model.

log Kin log K¢ ni (exp)  nu(calc)
Run 1 5231 81.85 + .73 5.9 11.6
Run 2 52.87 81.29 + 0.730! 5.4 11.7
average  52.59+0.090  81.57 +0.73] 5.7 11.7

(11 20% standard deviation errors were estimated for the denaturation titrations and data analysis.

] Errors were determined by propagating the errors from the Kq values used and the estimated errors of Kan.

Note that the formation constant of c-P24b-(T12), from the one-step model (log Kr= 81.6) is similar to the
overall value from the two-step model (log Kr=log Kz + log Kr» = 81.5). Both approaches give similar
results, but the experimental data fit better to the two-step model. There is high chelate cooperativity, and the
binding of each T12 unit appears to be essentially a two-state “all-or-nothing” process. This is reflected by
the high Hill coefficient for denaturation of ¢-P24b-(T12), with quinuclidine (ng = 5.7). The effective
molarity is about 0.2 M for binding T12 (without statistical correction), which corresponds to a chelate
cooperativity factor of K EM = 2000 (where K is the binding constant for an isolated zinc porphyrin pyridine
interaction). Analysis by the two-site model implies that the allosteric cooperativity for formation of c-
P24b-(T12); is slightly negative: Kt = 10 K.
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Section 8. Steady-state absorption and fluorescence spectroscopy

Experimental Parameters and Instrumentation. All measurements were carried out on solutions in toluene
containing 1% pyridine (or in neat toluene in the case of T12 and c-P24b-(T12),), at 298 K in silica cuvettes
of size 10.0 x 10.0 mm at concentrations of 0.25-2.0 uM.

Steady-state fluorescence spectra were acquired using an Edinburgh Instruments FS5 spectrofluorometer
operating Fluoracle® software, equipped with a xenon arc lamp (providing 230-1000 nm excitation range), a
thermostatic sample holder (SC-20) and both an R13456 PMT detector (200-950 nm spectral coverage,
Hamamatsu) and an InGaAs analogue NIR detector (8501650 nm spectral coverage).

Fluorescence quantum yields were determined by the relative method,'? using tetraphenylporphyrin (H, TPP)
(@r = 0.070, toluene, non-deaerated) as reference dye, ' using the formula:

F; [1-104(Ex)], n2
Fr [1-10-ACGED)]; n} (12)

in which sample (s) and reference (r) are designated by subscripts, @ is the quantum yield, F' is the integral
photon flux, 1-10~®59 is the absorption factor at the wavelength of excitation, and # is the refractive index of
the solvent.

Table 3. Summary of compounds used in fluorescence experiments.

I-P24 I-P4b

T12

c-P24b-(T12),
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Figure 29. Absorption spectra (& vs. A) of I-P2b, I-P4b, and T12 (left) and of /-P24, ¢-P24b, and c-
P24b-(T12); (right). Spectra of I-P2b, I-P4b, I-P24, and c-P24b were recorded in toluene + 1% pyridine, while
the spectra of c-P24b-(T12), and T12 were recorded in neat toluene.

104 ——Abs(l-P20) 1 e I1-P2b
I S Exc (I-P2b) 1.0 : e I-P4b
—— Abs (I-P4b) " non T12
----- Exc (I-P4b) ' i
5 Abs (T12) 5 084
o Exc (T12) s
2 2
g g
Ko} 2 064
= =
kel kel
Q Q
2 Ra}
Tg“ Tg“ 0.4
o o
c c
0.2
0.0 - . IRRET U i '.__::'::::-—_
T T T T T 1 T T T T 1
300 400 500 600 700 800 900 400 500 600 700 800 900
A/ nm A/ nm
Abs (I-P24) 1-P24
Exc (I-P24) 104 - c-P24b
——Abs (c-P24b) | eeee- c-P24b+(T12),
----- Exc (c-P24b) !
5 —— Abs (c-P24b+(T12),) 5 084 ;
s 1 KN Y - Exc (c-P24b+(T12),) o ¥
> 2> \
g g i
1] S 06 N
= = :
kel kel
Q Q
2 2
g g 044
S S
c c
0.2
0.04 T N 004 0 i L e
T T T T T 1 T T T T 1
300 400 500 600 700 800 900 400 500 600 700 800 900
A/ nm A/ nm

Figure 30. Left: Normalised absorption (full lines) and excitation (dashed lines) spectra of /-P2b, I-P4b, and
T12 (top) and of I-P24, ¢-P24b, and c-P24b-(T12), (bottom). Excitation spectra were recorded by detection
of the corresponding emission bands: /-P2b: 730 nm, /-P4b: 750 nm, T12: 500 nm, /-P24: 700 nm, c-P24b:
800 nm, and c-P24b-(T12),: 760 nm. Right: Normalised emission spectra of I-P2b, I-P4b, and T12 (top) and
of I-P24, c-P24b, and c-P24b-(T12), (bottom). Fluorescence spectra were recorded with excitation at the
following wavelengths: /-P2b: 485 nm), I-P4b: 505 nm, T12: 385 nm, /-P24: 515 nm, c-P24b: 515 nm, and c-
P24b-(T12),: 510 nm. Spectra of I-P2b, I-P4b, I-P24, and c-P24b were recorded in toluene + 1% pyridine,
while the spectra of ¢-P24b-(T12), and T12 were recorded in neat toluene.
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Table 4. Summary of photophysical parameters. Measurements of I-P2b, /-P4b, /-P24, and c-P24b were
performed in toluene + 1% pyridine, while those on ¢-P24b-(T12); and T12 were performed in neat toluene,
all at 25 °C.

Compound AAbs,max / NM Emax / 10° M em™! AEmmax/ NM Dgl?l ¢/ ns

I-P2b 425,453, 485, 570, 0.17,0.33,0.27, 0.026, 699 0.12 1.02
634, 693 0.047,0.074

I-P4b 420, 485, 506, 561, 0.36, 0.27, 0.40, 0.085, 723 0.11 0.99
655,715 0.072,0.11

I-P24 419, 516, 594, 635 2.13,2.36, 1.60, 0.30 651 0.085 1.32

c-P24b 419, 514, 593, 635, 1.74,2.24,1.19, 0.26, 729 0.050 091
717 0.12

c-P24b-(T12), 320, 420, 512, 593, 1.20, 2.15,2.21, 1.16, 679, 727 0.086 0.84
628, 651, 723 0.23,0.17,0.073

T12 317, 386 0.33,0.31 470 0261 -

[ Fluorescence quantum yields are determined using H2TPP as reference dye.'* ®! These fluorescence lifetimes were
measured using the Edinburgh Instruments FS5 spectrofluorometer in time-correlated single photon counting (TCSPC)
mode using a picosecond pulsed diode laser (EPL-475) as the excitation source; excitation wavelength: 473 nm.
Exponential reconvolution fits incorporating the measured instrument response function were used to extract fluorescence
lifetimes. [IThe fluorescence quantum yield of T12 was measured using an integrating sphere.
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Figure 31. Estimation of template fluorescence quenching efficiency in ¢-P24b+(T12),. Emission spectra of
T12 (red line, ¢ = 1.6 x 10”7 M) and ¢-P24b-(T12), (blue line, ¢ = 0.8 x 10~* M) were measured at identical
template concentrations ([T12] = 1.6 x 10”7 M) and by excitation at Agx = 318 nm in both cases. The quenching
efficiency, £, was calculated from the integrated emission spectra (400-600 nm), according to: £ = 1 —
(Tem.complex/Iem,T12), Where Igmcomplex and [emri2 denote the integrated emission from the template in the c-
P24b-(T12); complex and in the T12 template, respectively. Spectra were measured in toluene at 25 °C.
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Section 9. Time-resolved fluorescence spectroscopy

General Experimental Parameters and Instrumentation. All measurements were carried out using
solutions in toluene containing 1% pyridine (or neat toluene in the case of T12 and ¢-P24b-(T12),), in silica
cuvettes of size 3.5 x 10.0 mm or 10.0 x 10.0 mm, at a concentration of 0.25-2.0 mM.

Ultrafast time-resolved measurements were conducted using the photoluminescence upconversion (PL UC)
technique. Samples were excited with a 410 nm pulse, generated by frequency doubling of a Ti:sapphire
oscillator 820 nm output (Spectra Physics Mai-Tai, 100 fs, 80 MHz). The side-excitation configuration was
adopted to avoid possible artefacts caused by self-absorption. In this configuration, the excitation beam entered
the cuvette close to its front surface and PL was collected in the perpendicular direction with respect to the
excitation beam by a pair of off-axis parabolic mirrors. The PL signal was then focused onto a beta-barium
borate (BBO) crystal, mounted on a rotation stage to allow tuning of the phase-matching angle, and optically
gated by a vertically polarised gate beam (820 nm) arriving at the BBO crystal at controllable time delays. The
resulting PL UC signal generated by sum-frequency generation was then spectrally dispersed by a
monochromator (Triax 190, Jobin-Yvon) and detected by a nitrogen-cooled CCD. A Schott filter UG11 was
used to filter scattering from excitation and gate beams. The resulting time resolution was around 350 fs. Time-
resolved spectra were corrected for instrument response by using a filament lamp of known emissivity.

Time-integrated photoluminescence (T1 PL) was measured by using the same spectrometer and CCD detector,
while removing the BBO crystal and UG11 filter.

Time-resolved PL dynamics at longer delay times (>1 ns) were measured by using time-correlated single-
photon counting (TCSPC) technique. Here, emission was detected with a silicon single-photon avalanche
diode and electrically gated using a Becker & Hickl module. The resulting temporal resolution was around 40

ps.

a 2500 b 1]
o0 ©
2 @
= 2000 - &
= ©
£ E 014
81500 - S
> P
‘B c
I= &)
- c
.|
o 500 £
£
0 00014 =
Q- , fa , ‘ ‘ ‘
600 650 700 750 800 0 2 4 8 8
Al nm Time after excitation / ns

Figure 32. Time-integrated spectrum and time-resolved photoluminescence dynamics for /-P24 at long
(> 1 ns) time delays. Time-integrated spectrum (a) and time-resolved photoluminescence (b) dynamics for /-
P24 under 410 nm excitation at a fluence of 400 nJ cm™. Solid lines represent multi-exponential fitting
convoluted with a Gaussian response function. Corresponding detection wavelengths are indicated as shaded
areas in the full spectra in part (a). TCSPC reveals an emission wavelength-independent lifetime dominated
by at = 1.30 % 0.05 ns decay component. The fitted instrument response function (IRF) is ~0.04 ns, and an
initial slower rise of 0.2 ns is observed, related to the system response.
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Figure 33. Time-resolved photoluminescence spectra and dynamics for /-P24. (a) Time-resolved
photoluminescence spectra for I-P24 following 410 nm pulsed excitation at a fluence of 2.5 pJ cm™2. Different
symbols represent spectra taken at different times after the excitation, in the range 500 fs (dark green squares)
to 500 ps (light green stars). (b) Photoluminescence intensity dynamics for /-P24, measured at an emission
wavelength of 680 nm under the same excitation conditions. Corresponding measured wavelength is indicated
as a shaded area in the full spectra in part (a). Fitting results are consistent with the observation of a 1.3 ns
lifetime and also reveal the presence of a 14 ps lifetime component, not detectable with TCSPC. This fast
process has been observed previously in similar molecules and is attributed to excited state energy migration
from nonorthogonal S, state conformers to a perfectly orthogonally arranged emitting state of the porphyrin
arrays.'*
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Figure 34. Time-integrated photoluminescence spectrum for c-P24b. Logarithmic scale plot of steady-state
PL spectrum for ¢-P24b under 410 nm excitation at 400 nJ cm™. A side-band between 670 and 690 nm can be
observed. Such signal is related to the emission originating from the meso-meso linked porphyrins as measured
in time-resolved spectra (see Main Text).
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Figure 35. Time-resolved photoluminescence dynamics for c-P24b — Additional Acceptor Wavelength
Comparison between normalised photoluminescence intensity dynamics for c-P24b, measured at an emission
wavelength of 650 nm (red squares) and 735 nm (orange circles) following pulsed 410 nm wavelength
excitation at a fluence of 2.5 uJ cm™). Solid lines represent fits to the model described in the Supplementary
Note on Energy Transfer Dynamics (below). Here, the numerical solution to Equation 13 is fitted to the PL
decays detected at 650, 735 nm.
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Figure 36. Time-resolved photoluminescence dynamics for c-P24b — Fit of Initial Rise. Comparison
between normalised photoluminescence intensity dynamics for c-P24b, measured at an emission wavelength
of 650 nm (red squares) and 720 nm (orange circles) following pulsed 410 nm wavelength excitation at a
fluence of 2.5 pJ cm™). Solid lines represent fits to the model described in the Supplementary Note on Energy
Transfer Dynamics (below). Here, the numerical solution to Equation 14 is fitted to the PL decays detected at
650, 720 nm.
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Figure 37. Time-resolved photoluminescence dynamics for c-P24b at long (> 1 ns) time delays. Time-
resolved photoluminescence dynamics for c-P24b under 410 nm excitation at 0.4 uJ cm™. Solid lines represent
multi-exponential fitting convoluted with a Gaussian response function. Different colours represent dynamics
measured at different wavelengths. Emission at the longer wavelengths can be described by a 0.2 ns rise time
followed by a single exponential decay 7, = 0.90 £+ 0.08 ns. On the other hand, emission at shorter
wavelengths can be described by a bi-exponential decay with 7; = 0.38 + 0.06 ns and t, = 1.33 % 0.05 ns.
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Figure 38. Time-integrated spectrum and time-resolved photoluminescence dynamics for /-P4b at long
(> 1 ns) time delays. Time-integrated spectrum (a) and time-resolved photoluminescence (b) dynamics for /-
P4b under 410 nm excitation at a fluence of 400 nJ cm™. Solid lines represent multi-exponential fitting
convoluted with a Gaussian response function. Corresponding detection wavelengths are indicated as shaded
areas in the full spectra in sub-figure (a). TCSPC reveals emission wavelength-dependent PL dynamics.
Emission at longer wavelengths can be described by a 0.2 ns rise time followed by a single exponential decay
7, = 0.97 £ 0.2 ns. On the other hand, emission at shorter wavelengths can be described by a bi-exponential
decay with t; = 0.27 £ 0.04 nsand 7, = 1.5 + 0.2 ns.
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Figure 39. Time-resolved photoluminescence spectra and dynamics for /-P4b. (a) Comparison between
normalised photoluminescence intensity dynamics for I-P4b, measured at an emission wavelength of 670 nm
(cyan squares) and 720 nm (grey squares) under 410-nm wavelength excitation at 2.5 pJ cm™. Corresponding
detection wavelengths are indicated as shaded areas in the full time-resolved spectra in part (a). Solid lines
represent fits to a multiexponential function convoluted with a Gaussian instrument response function. The
670 nm transient can be described by a single exponential decay with 7; = 90 ps. On the other hand, the 700
nm transient is dominated by a slower decay T, = 200 ps, and an additional exponential rise with 7; = 1 ps
can also be observed. (b) Time-resolved photoluminescence spectra for /-P4 following 410-nm wavelength
pulsed excitation at a fluence of 2.5 uJ cm. Different symbols represent spectra taken at different times after
the excitation, in the range 500 fs (dark blue square) to 100 ps (grey triangle). (¢) Time evolution of the peak
wavelength of the photoluminescence spectra for and /-P4b. Data points are extracted through Gaussian fitting
of the time-resolved photoluminescence spectra measured under the same excitation conditions (410 nm, 2.5
uJ cm™) as a function of time after excitation. Dashed lines are guides for the eye. The time-dependent shift
of the PL peak position and the faster decay of the blue side and slower decay of the red side is attributed to
excited state planarisation of the butadiyne-linked porphyrin dimer.'* The observation of the full planarisation
dynamics beyond 500 ps for /-P4b is hindered by the weaker sensitivity of the experimental setup used to
measure the PL UC signal. However, similar dynamics are observed for I-P2b (see Figure 41), whose blue-
shifted emission with respect to /-P4b allows for a clearer observation of this process.
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Figure 40. Time-integrated spectrum and time-resolved photoluminescence dynamics for /-P2b at long
(> 1 ns) time delays. Time-integrated spectrum (a) and time-resolved photoluminescence dynamics (b) for /-
P2b under 410 nm excitation at a fluence of 400 nJ cm™. Solid lines represent multi-exponential fitting
convoluted with a Gaussian response function. Corresponding detection wavelengths are indicated as shaded
areas in the full spectra in sub-figure (a). TCSPC reveals an emission-wavelength-dependent PL dynamics.
Longer emission wavelength can be described by a 0.25 ns rise time followed by a single exponential decay
7, = 1.03 £ 0.03 ns. On the other hand, emission at shorter wavelengths can be described by a bi-exponential
decay with t; = 0.23 £ 0.06 ns and 7, = 1.15 + 0.03 ns.
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Figure 41. Time-resolved photoluminescence spectra and dynamics for [-P2b. (a) Time-resolved
photoluminescence spectra for I-P2b following 410-nm wavelength pulsed excitation at a fluence of 2.5 uJ
cm2. Different colours represent spectra taken at different times after the excitation, in the range 500 f5 (linen
square) to 500 ps (orange squares). (b,c) Comparison between normalised photoluminescence intensity
dynamics for /-P2b, measured at an emission wavelength of 650 nm (linen squares) and 700 nm (dark yellow
squares) under 410-nm wavelength excitation at 2.5 uJ cm™. The two different sub-figures represent
measurements with different time resolutions. Corresponding detection wavelengths are indicated as shaded
areas in the full spectra in sub-figure (a). Solid lines represent fits to a multiexponential function convoluted
with a Gaussian instrument response function. The 650 nm transient can be described by a single exponential
decay single exponential decay t; = 95 ps. On the other hand, the 700 nm transient can be well described by
an exponential rise 7; = 60 ps and a subsequent decay 7, = 1200 ps. The obtained Gaussian broadening
associated with the instrument response and internal conversion processes was o = 0.7 ps. The evident
coupled decay of the blue side and growth of the red side of the PL is significantly slower than what was
observed for ¢-P24b and is attributed to excited state planarisation of the butadiyne-linked porphyrin dimer. '
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Figure 42. Time-resolved photoluminescence dynamics for T12 and c-P24b. (a) Comparison between
normalised photoluminescence intensity dynamics for T12 and c-P24b-(T12),;, measured at an emission
wavelength of 472 nm following 380-nm wavelength pulsed excitation at a fluence of 350 nJ cm™. The
detected emission wavelength corresponds to the characteristic emission peak of T12 and its quenched
dynamics in ¢-P24b-(T12), confirms the presence of energy transfer between the template and the porphyrin
nanoring. Solid lines represent fits to the experimental data. T12 exhibits a monoexponential decay with time
constant T = 8 + 1 ns. The template emission can be fitted with a stretched exponential decay with
characteristic time and stretching exponent 7 = 0.15 + 0.04 ns and § = 0.7, respectively. This faster decay
can be reasonably assigned to energy transfer (i.e., excitations are funnelled from the template onto the ring)
and confirms previous deductions of efficient energy transfer from fluorescence excitation spectra.
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Figure 43. Comparison of photoluminescence dynamics for /-P24, c-P24b and /-P4b (a) Comparison
between normalised photoluminescence intensity dynamics for ¢-P24b and /-P24, measured at an emission
wavelength of 650 nm (c-P24b) and 680 nm (/-P24) following pulsed 410 nm wavelength excitation at a
fluence of 2.5 pJ cm™?. The comparison shows the quenching of the emission from meso-meso linked
porphyrins in a linear chain (/-P24) and a ring with an acceptor unit (c-P24b). (b) Comparison between
normalised photoluminescence intensity dynamics for c-P24b and /-P4b, measured at an emission wavelength
of 720 nm (c-P24b) and 700 nm (I-P4b) following pulsed 410 nm wavelength excitation at a fluence of 2.5 pJ
cm. The comparison shows the slower rise of ¢-P24b photoluminescence to its relative maximum with
respect to the rise of I-P4b. This delayed rise further validates the presence of an excitation transfer process,

where excitation generated on the meso-meso linked porphyrins are transferred to the /-P4b emissive unit.
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Supplementary Note on Energy Transfer Dynamics in c-P24b

Here we provide a more in-depth discussion of the investigation of EET dynamics in c-P24b. We investigated
this process through ultrafast time-resolved photoluminescence spectroscopy (see Figure 6¢-¢ in the Main
Text). By using 410 nm wavelength pump pulses, excitations in c-P24b can be generated on any of the 12 non-
equivalent porphyrin sub-units and then migrate through a hopping-like transfer process between individual
porphyrins to the butadiyne-linked porphyrin dimer unit. Hence, we expect the intramolecular energy transfer
dynamics in c-P24b to be a complex multi-step process, which cannot be described by a single time-
independent energy transfer rate. In particular, transfer times for any individual excitation will depend
sensitively on the distance along the ring circumference by which the excitation was created with respect to
the acceptor. By measuring the temporal evolution of ¢-P24b spectra, we observed a time-dependent shift of
the emission from 690 to 730 nm in the first 500 ps after excitation (Figure 6d and 6e, Main Text). Considering
the peak wavelength of steady-state emission for /-P24 (donor model molecule) and /-P4b (acceptor model
molecule), we can interpret the early-time PL spectra as originating from the individual meso-meso linked
porphyrin sub-units, and the time-dependent shift as representative of the energy transfer dynamics to the
butadiyne-linked porphyrin unit. Therefore, the coupled dynamics in c-P24b emission detected at 650 and 720
nm can be used to describe the population dynamics of the donor and the acceptor, respectively.

The time-dependent population of donor n,; and acceptor n, can be described by the following coupled rate
equations:

(dnd 1

—— == —=+k@® |ns®)
dt Tdq (13)
dng —k ng(t)
= kom0 = "

where k(?) is the time-dependent energy transfer rate and t; and 7, are the exciton decay lifetimes for the
isolated donor and acceptor, respectively. Several theoretical and experimental studies on exciton transfer
dynamics in complex systems have found that the energy transfer rate exhibiting a stretched (or Kohlrausch)
exponential behaviour can satisfactorily account for the observed dispersive dynamics.'*!'® Hence, to describe
the energy transfer in c-P24b, we adopt the Kohlrausch-Williams-Watts (KWW) decay rate k(t) =

Bty BB=11920 \which, in the absence of any other deexcitation processes, yields stretched-exponential

transients I(t) = Iy exp [ —(t/7,) #]. Here, the stretching parameter £ gauges deviations from the canonical
single exponential decay, and can vary between 0 and 1, with 8 — 1 being the single exponential case.?

Figure 6¢ in the Main Text and Figure 35 show the global fitting of the numerical solution to Equation 13 to
the PL transients detected at 650, 720 nm and 650, 735 nm, respectively. The dispersive energy transfer rate
approach provides an excellent description of the observed behaviour. The average extracted parameters are
L =0.54+0.04, 7, =85+ 0.6 ps, and 7, = 40 £ 7 ps, while the donor lifetime in the absence of the
acceptor was set to t; = 1.3 ns.

Crucially, the stretching exponential £ is significantly below 1 and accounts for a distribution of energy
transfer characteristic times. Thus, we can interpret the extracted energy transfer characteristic time (~ 8 ps)
as an average time constant; however, in the ensemble, energy transfer events will occur on both faster and
slower timescales, depending on how far away from the acceptor the original excitation was placed. As the
KWW decay rate stated above indicates, for values of § that are significantly smaller than 1, as is the case
here, the instantaneous decay rate at very early times after excitation is significantly faster than that described
by 74, representing early-time transfer processes associated with excitations generated on porphyrin donors
right adjacent to the acceptor unit. As time progresses, the instantaneous KWW transfer rate declines,
describing the EET processes occurring from porphyrins located further and further away from the acceptor.
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Based on this consideration, we further discuss the presence of ultrafast energy transfer components, occurring
with time constants below our temporal resolution (350 fs), and also the presence of initial acceptor excitation.

To deconvolve and better quantify these effects, which occur within the time resolution of our system, we
introduced an exciton generation function g(¢) for both rate equations in Equation 13, approximated to a
t2

Gaussian function of time gg/4 () = Ag/q a—\/lﬁ e 202 where Aq, is the amplitude term and o is the broadening

parameter.

dnd 1
ar ga(t) — <— + k(t)> ng(t)
fd (14)
dng I ng(t)
= 9a(0)+ K(Ong(0) —

Figure 36 shows the global fitting of the numerical solution to Equation 14 to the complete PL decay for both
donor and acceptor, with Gaussian amplitude and broadening as free parameters, while the decay parameters
were fixed to the value extracted from the tail fit (Equation 13, Figure 6¢). From the fit, we obtained 0 =
0.7psand A,/A; = 0.4.

The resulting Gaussian amplitude terms A4, quantify the initial donor and acceptor PL intensity. Therefore,
the ratio A, /Ay is proportional to the initial PL ratio. This ratio contains information about direct acceptor
excitation in our experiment and about ultrafast EET processes that may transfer excitations to the acceptor
within the instrumental time resolution. Thus, the obtained non-zero A, /A, value suggests that excitations are
initially generated also on the acceptor or transferred to the acceptor within the instrumental time resolution.

The resulting A, /A, value is proportional to the number of excitations on the acceptor via the radiative rate
ki, i.e. I(t = 0) « k,.n. However, we note that a precise estimate of the radiative constant of the donor and
acceptor is needed in order to estimate the initial donor to acceptor population ratio n, (t = 0)/ny4(t = 0) and
to deconvolute ultrafast energy transfer and initial acceptor excitation effects. Unfortunately, estimating the
radiative constants for different emitting moieties of the c-P24b molecule is a challenging task. The needed £:
values cannot easily be inferred from the radiative constants for donor and acceptor model molecules (e.g., I-
P2b, I-P4b, [-P24) because conformation changes as a result of the incorporation in the c-P24b could
significantly impact the observed rates.

Nevertheless, the presence of direct acceptor excitation can be further confirmed and quantified by looking at
the absorption coefficients of the different donor and acceptor model compounds at the excitation wavelength
(i.e., 410 nm). The molar absorption coefficient of the compounds at 410 nm are as follows: I-P2b: ¢ = 0.11
uM' em™; I-P4b: £ = 027 uM ! em™!; I-P24: £ = 1.80 uM ! cm!; ¢-P24b: £ = 1.49 uM~! cm™'. These values
imply that the initial donor to acceptor population ratio n,(t = 0)/n,4(t = 0) is 0.086 + 0.005, as expected
from the fact that donor is 22 porphyrins and the acceptor consists of 2 porphyrins, i.e. n,(t = 0)/ny(t = 0) =
1/11.

If we make the approximation that the donor and acceptor have the same radiative rate, then comparing A./Aq
~ 0.4 from equation 14 with n./ns = 0.09 at ¢ = 0 from the absorption spectra implies that about 30% of the
energy is transferred within the time resolution of our measurements (350 fs).

Furthermore, we note that the obtained o value for temporal broadening is significantly higher than the
temporal resolution of our system (350 fs). We attribute this slowing of the initial rise in c-P24b
photoluminescence to a combination of internal conversion, as already reported for I-P24 [ref. 14] and ultrafast
energy transfer from neighbouring porphyrins.
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We hypothesise that such a combination of ultrafast energy transfer and initial acceptor excitation also
underlies the initial emission wavelength shift observed when comparing c-P24b and /-P24 emission.
Although it could be expected that the initial emission peaks for these two molecules are at similar wavelengths
immediately after excitation, the emission of c-P24b already shows a 20 nm red-shift at # = 0 (see Figure 6e,
Main Text). However, considering that we are directly exciting a fraction of acceptor sub-units and that
ultrafast energy transfer from neighbouring porphyrins may occur within the temporal resolution of our system,
we believe that under our experimental conditions, the initial population of the acceptor is not negligible and
therefore may contribute to the emission observed at nominal zero time.

Supplementary Note on the Radiative Coherence Length in /-P24

Although coherence in energy transfer processes can emerge in multiple ways (e.g., path interferences, system-
bath correlations, excitonic delocalisation, and non-Markovian phenomena),?! an indication of possible
coherent interactions in c-P24b can be obtained by looking at the model /-P24. Specifically, as demonstrated
by Van Grondelle and coworkers for light-harvesting complexes** and by Osuka and coworkers for linear
porphyrin arrays,? exciton superradiance is a spectroscopic observable related to exciton delocalisation. The
exciton interactions between chromophores in an array enhance the radiative rate as a result of chromophores
radiating in phase. Therefore, the so-called “superradiance (or radiative) coherence length” can be obtained as
Ne = kearray/kr.monomer. A value N>1 implies the presence of delocalisation of the exciton wavefunction over
several chromophores. Furthermore, in the case of parallel dipoles within the assembly, this value directly
estimates the exciton delocalisation length.?* Thus, by applying this to the case of I-P24, we can estimate a
value for N, by considering the radiative rate of Zn-TPP as the monomer. The measured radiative rate for /-
P24 is ki rp24 = (15 ns)™!, while the well-known value for Zn-TPP is k. rep = (70 ns)™' (ref. 13) thus resulting in
Nc=4.5. This N, value is significantly larger than unity, implying a delocalised nature of exciton wavefunction
in I-P24. Therefore, it is reasonable to assume that the first step is the EET of the macrocycle will involve the
migration of delocalised excitations along the porphyrin array.
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Section 10. Computational modelling

Optimised geometries of rings
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Figure 44. Optimised geometry of the c-P24b-(T12), complex (PM3 level using MOPAC). Aryl side groups
have been replaced with hydrogens to simplify the optimisation. Hydrogens omitted for clarity.
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Figure 45. Optimised geometry of c-P24b (PBE0+GD3BJ/Def2SVP level). Aryl side groups have been
replaced with hydrogens to simplify the optimisation. Hydrogens omitted for clarity.
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Figure 46. Optimised geometry of c-P24 (PBE0+GD3BJ/Def2SVP level). Aryl side groups have been
replaced with hydrogens to simplify the optimisation. Hydrogens omitted for clarity.

Figure 47. Optimised geometry of c-P12b (PBE0+GD3BJ/Def2SVP level). Aryl side groups have been
replaced with hydrogens to simplify the optimisation. Hydrogens omitted for clarity.
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Figure 48. Optimised geometry of c-P12 (PBEO+GD3BJ/Def2SVP level). Aryl side groups have been
replaced with hydrogens to simplify the optimisation. Hydrogens omitted for clarity.
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Molecular Mechanics Calculations
Parameterisation

In this work, we developed a non-bonded/bonded hybrid model for the interaction of zinc porphyrins and
pyridyl ligands for the AMBER force field where the zinc ion has bonded terms to the nitrogen atoms of the
porphyrin but only non-bonded terms to the nitrogen of pyridyl ligands. Previous parameters for zinc porphyrin
systems were either not parameterised for the interaction with pyridyl ligands®® or used a fully bonded
approach?® which limits the scope of binding property investigations.

The zinc porphyrin complex was parameterised using the LEaP programme (AMBER20 tools)*’ in conjunction
with MCPB.py?® with default settings. This is a tool for generation of force field parameters for metal ions
from DFT calculations and utilises RESP charge calculations and derivation of force constants from the
Hessian matrix (Seminario method®). DFT calculations were carried out in Gaussian 09 (B3LYP/6-31G*).3°
Other parameters were obtained using the LEaP programme to assign GAFF parameters and AM1-BCC
charges.

Zinc ion non-bonded parameters

Zinc ion non-bonded parameters obtained from MCPB.py were modified to reproduce structural and energetic
properties obtained from crystallographic data or density functional theory (DFT) calculations. Lennard Jones
(LJ) parameters were varied to reproduce the average bond lengths and angles of pyridine zinc-porphyrin
crystal structures sampled from the Cambridge Crystallographic Data Centre.*! The quality of the parameters
was evaluated by comparing the experimental axial N-Zn bond length to the average length obtained from 1
ns of MD simulation (details for MD simulations are described below). Different LJ parameters could
reproduce the correct geometry depending on the partial charge on the zinc ion (see Figure 49b). The final zinc
ion charge was assigned to reproduce the experimental binding free energy of the complex. For each zinc ion
charge, the charge on the bound nitrogen was modified to balance the total charge of the complex. Free energy
calculations were performed using umbrella sampling. The distance between the centres of mass of pyridine
and zinc was used as a reaction coordinate with 16 windows roughly 10 pm spaced apart and an umbrella force
constant of 100,000 kJ mol™' nm™.

Table 5. Comparison of computational and experimental quantities. Computational results show mean and
standard deviation over 40 ns simulation. Experimental results show mean and standard deviation of 33 crystal
structures from the Cambridge Crystallographic Data Centre.’!

Computational Experimental
Axial Zn—N bond length 2.13+£0.01 A 2.16+0.03 A
Equatorial Zn-N bond length  2.05+0.01 A 2.08+0.05 A
Out-of-plane distance 0.41£0.06 A 0.37+0.06 A
Free energy of binding 21.3 kJ mol™! 20.9 kJ mol™" (*)

(*) Determined from the measured binding constant (Ka = 4.68-10° £ 0.23-10* M) between porphyrin monomer P1 and
pyridine in chloroform at 298 K. The binding constant is the average obtained from two UV-Vis titrations after fitting toa 1:1
binding model. Run 1: Ko =4.52-10° M. Run 2: K, = 4.84-10° M.

Porphyrin connection

To the best of our knowledge, no parameters have been reported previously for meso-meso linked porphyrins.
A relaxed geometry scan of the dihedral and improper dihedral angles between 90° and 50° and between 180°
and 160°, respectively, was performed at the PBE0+D3BJ/def-SVP level of theory in ORCA 4.1.13? with
default settings. Using GAFF parameters obtained from the LEaP programme as a starting point for MM
parameters, dihedral and improper dihedral angle force constants were screened by performing a relaxed
geometry scan over the same angles. This was done by using dihedral restraints during steepest decent energy
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minimisation in GROMACS. The combination of parameters with the lowest root-mean-square deviation from
the DFT profile was chosen as the final parameter set.

o
/

\

pd

b
1.0 AR /pm
an
14 0215
o/nm
c 35_
T o ©
© 30 1
£ o}
2 25 o o
[P [ o N ——
£ Experimental
£ Value
O 15 1 O
< o
10 A
T T T T T
1.0 1.1 1.2 1.3 14
an

Figure 49. a) Reference structure of zinc-porphyrin pyridine complex used for the parameterisation of zinc
non-bonded parameters. b) LJ parameter search phase where 4R gives the difference between the average Zn—
N distance over a 1 ns simulation and the crystal structure value (213 pm). ¢) Variation of the free energy of
binding for a given partial charge located on the zinc ion.
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Figure 50. a) Model system with atoms and motions belonging to the dihedral angle 6 (angle between the
planes j—k—1 and k—1-n), and b) improper dihedral angle ¢ (angle between the planes j—k-n and n—k-1). c)
Fitting of the MM profiles to DFT profiles for selected improper dihedral angles.

Overview of new parameters

The parameters below correspond to the functional forms of the AMBER force field** which is described by:

Ubondea = z k, (r — TO)Z + z ko(6 —
bonds angles
qi * g
Unon-bondeda = : 47TERij
pairs

Where:

kr, ko and kg are force constants

ro, B0 and @o describe the equilibrium geometry
n is the multiplicity of a dihedral angle

gi and gj are partial charges

¢ and o are Lennard-Jones energy and radius respectively

60)% + kall+ cos(ng — ¢o)]
dihedrals

12 6
<&> _ <&>

(14)

ij (15)

Only new parameters derived here are listed. All other parameters can be found in the topology files

provided as part of the supplementary information.
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Table 6. Zinc ion parameters.

Ozn 0.226 nm
£Zn 0.013316 kJ mol™!
q7n 1.15
Bond parameters ro (nm) k: (kJ mol™! nm2)
Zn—Npor 0.20423 45270.88
Angle parameters & (°) ko (kJ mol™! rad?)
Npo—Zn—Npo: (adjacent) 90.0 188.782
Npor—Zn—Npo: (Opposite) 179.94 52.216
Z1n—Npor—Cpor 126.71 336.226
Table 7. New porphyrin connection parameters.
Parameter Atoms 0o (°) k (kJ mol™") n
Dihedral 1 jk—I-m 180 1 2
Dihedral 2 i—j—k—1 180 9 2
Improper dihedral j—k-—n-1 180 10 2
i
j m
k|

Figure 51.

Structure of I-P2 with atom labels used for parameter definition.
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Methodology of the molecular dynamic simulations

All molecular dynamics (MD) simulations were performed in an isothermal-isobaric (NPT) ensemble at 300
K and 1 bar with a time step of 2 fs using GROMACS (v. 2019.2).>*Simulations employed the General
AMBER force field** with modifications to parameters for zinc ions and porphyrin connections as described
above. Systems were minimised using the steepest descent algorithm for 5000 steps or until the maximum
force on any atom was below 1000 kJ mol™' nm™ and subsequently equilibrated using a velocity-rescaling
thermostat® and Parrinello-Rahman barostat.>® All simulations were performed in explicit chloroform*” with
three-dimensional periodic boundary conditions. The box sizes were chosen by leaving 1 nm distance between
solute and box boundary. Long-range electrostatic interactions were calculated using the particle mesh Ewald
method.*® All bond lengths involving hydrogen atoms were constrained with the LINCS algorithm.*® All MD
simulations were performed with the complete molecule. including 3,5-bis(octyloxy)phenyl solubilising
groups.

Flexibility of c-P24b

Structural parameters of the free c-P24b ring and template complex c-P24b-(T12); were obtained from MD
simulations and are shown in Figure 52. A long axis a and a short axis » were defined as the longest and
shortest zinc to zinc distances of opposite porphyrins to determine the ellipticity of the porphyrin ring by
calculating the flattening factor . MM parameters of the porphyrin structures were obtained for the condensed
phase and therefore may not be suitable to describe phase dynamics, for example due to over polarisation of
charges. However, it may still be instructive to compare STM results to solution-phase simulation data. Five
simulations were run for 100 ns each.

In agreement with STM imaging, MD simulations show that the ¢-P24b rings persist in an approximately
circular shape but are quite flexible with a distribution of different flattening factors. The average flattening
factor from simulations is 0.16 £+ 0.07 compared to 0.37 + 0.11 from experiment and accordingly b is larger
(5.8 = 0.3 nm compared to 5.2 + 1.2 nm) and «a is smaller on average (6.9 + 0.3 nm compared to 8.3 = 1.4 nm).
However, this is likely to be due to the different conditions of the condensed phase simulations with explicit
solvent compared to ultra-high vacuum in STM imaging. Introducing templates in the simulation rigidifies the
ring structure which causes the short and long axes to only differ by 4 % on average.

Concerted rotation of porphyrin units in c-P24b

Simulations of the free c-P24b ring were run to investigate the flexibility of individual porphyrins in the ring.
To follow their rotation, a dihedral angle was defined by the centre of mass of all zinc ions and three points in
the plane of the porphyrin as indicated in Figure 53 for each of the 24 porphyrins. Five simulations were run
for 100 ns each.

All porphyrins populate dihedral angles from —180° to +180° but have different equilibrium distributions
because of the bias of the butadiyne link. Due to the meso-meso link, the rotation of any one porphyrin requires
a concerted motion of all porphyrins. While they do not complete a full concerted rotation on the time scale of
the simulation, they rotate back and forth, sweeping the entire range of dihedral angles from —180° to +180°
(Figure 53c). However, porphyrins adjacent to the butadiyne link have a preference to be coplanar and at an
angle of about 90° to the plane of the ring and this in turn leads to a bias for the following dihedral angle
distributions as the relative angle between neighbouring porphyrins is restricted to about 70-90°. Introduction
of the T12 templates locks the porphyrin units into a certain orientation, leading to a narrow spread of dihedral
angles and well-defined environments (Figure 53d+e).

70



c-P24b c-P24b-(T12),

Experimental
c-P24b
o ]

3 4 5 6 7 6 7 8 910 00020406 14 16 18 20 22

3
N300_
o
© 150
0 - - | I —

T T
3 4 5 6 7 6 7 8 910 0002 04 06 14 16 18 20 22

MD Simulation

MD Simulation
c-P24b-(T12 2

T T T T T T T T T T T T
3 4 56 7 67 8 910 00020406 1416 18 20 22
b/ nm a / nm f ¢/ nm
Figure 52. a) Models of systems used in simulations. b) Structural parameters of porphyrin ring to describe its
ellipticity: long axis a, short axis b, and flattening factor f. ¢) Distributions of parameters for STM experiments
and MD simulations.
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Figure 53. a) Numbering of porphyrin units in ¢-P24b, hydrogens and solubilising groups are omitted for
clarity. b) Dihedral angle used to define the porphyrin rotation, shown for porphyrin unit number 3. c) Rotation
of porphyrins relative to = 0 over a 150 ns MD simulation for the free c-P24b ring, and d) the template
complex ¢-P24b-(T12),. ¢) Distribution of dihedral angles for porphyrins 1 to 12. Porphyrins 13 to 24 are
related to these by symmetry. Solid lines show distributions for the free ring c-P24b and dashed lines for the
template complex.
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Viability of ring-closure reactions

MD simulations of different complexes between templates and linear porphyrin chains were run for 40 ns and
repeated 4 times to investigate the geometry of the terminal alkynes. The 2D normalised histograms show the
distance d between carbons of the terminal acetylenes and the angle 8 between the alkyne units (Figure 54). A
computational study on the Glaser-Hay coupling by Fomina et al.** found a bond distance of 2.00 A between
the terminal carbon atoms in the pre-bond-formation intermediate. Mode A and B of the /-P24e:(T12),
complex have very similar binding properties, although mode B has a slightly smaller average distance
between the terminal porphyrins and a less steep angle. In both binding modes, the complexes spend time in
configurations with relatively short distances (d < 4 A) that are suitable for Glaser coupling. In contrast, a
single T12 template does not bring the alkyne ends sufficiently close together, and also holds the terminal
alkynes at a smaller angle relative to each other as a result of the partially open complex. The 12-mer porphyrin
system has a shorter average end-to-end distance than the 24-mer system with a similar distribution of angles.

Quality of template fit

Distances between templates and the plane of the porphyrin ring as well as distances between zinc ions and
pyridyl nitrogens were used to assess the quality of template binding. These properties were analysed for the
linear and cyclic complexes from 40 ns MD simulations. The plane of the ring is the average plane of all 24
zinc atoms defined by the centre of mass of the zinc ions and an average normal vector to the planes defined
by three zinc ions.

While the optimised structure of ¢-P24b-(T12), shows the templates close to the plane of the ring, both
templates are spending the majority of the time out of the plane of the ring on one side during MD simulations
(Figure 55). Switches between which side the templates lie on are infrequent and associated with an energy
barrier, as it requires a concerted motion of all porphyrins when the templates move through the plane of the
ring. In contrast, the linear complex has no size restrictions. Therefore, one of the templates can lie in the plane
of the ring and also there is a frequent switch of which template is more central. The templates move in a
highly concerted way and the average distance between templates is 3.5 A in both the linear and the cyclic
complexes. To eliminate effects caused by the interactions between the two bound templates, simulations were
also run for complexes with just one T12 molecule. In these simulations, the single template stayed in the
plane of the ring for the linear complex, but again remained out of the plane for the cyclic complex. However,
the average zinc ion to pyridyl nitrogen distance is 2.10 A in both the linear and the cyclic complex compared
to 2.13 A in the zinc-porphin pyridyl reference system, which indicates efficient binding. (Note that the
molecular mechanics system was parameterised in such a way that variation of the zinc ion to pyridyl ion
distance is easily possible and detaching of pyridyl ligand was commonly observed in strained systems such
as I-P12e-T12a). Therefore, the template successfully strikes the balance between rigidity, to give a cyclic
shape to the linear porphyrin chain, and flexibility, to be able to move out of the way and not prevent a decrease
in circumference during the ring-closure reaction.

73



H‘ ','
Mode A Mode B o
ode d , >9
Hooo~
c ’
//
an
I-P24e-T12 I-P12e-T12a
1-P24e-(T12), I1-P24e-(T12), Difference Plot
Mode A Mode B
180 0.02
[
% - 1 1 it
60 T T T T T T T T T T T T -0.02
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
d/ nm d/ nm d/ nm
1-P24e-(T12),
Mode B I-P24e-T12 Difference Plot
180
PRSI i . s 0.01
o | 5 ’
-~ 90 4 # 4 Hhm 4 P 0.00
[ "
45 e - -0.01
0 T T T T T T T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
d / nm d / nm d/ nm
I-P24e-(T12),
Mode B I-P12e-T12a Difference Plot
180
150 i i 0.025
~ 120 - i# - g '# 0.000
m N
90 B 1 -0.025
60 T T T T T T T T T T T T
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
d/ nm d/ nm d/ nm

Figure 54. a) Structures used in simulations, hydrogens and solubilising groups are omitted for clarity. b) End-
to-end distance, which is defined as the distance between carbons of terminal acetylenes, and acetylene angle
used for analysis of binding behaviour. ¢) Distributions of end-to-end distances and angles for a selection of
template complexes (regions in which the second complex gives a higher probability density are coloured
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Figure 55. a) Structures used in simulations, hydrogens and solubilising groups omitted for clarity. b) Distance
d between ring plane and template core. Evolution of d during 20 ns of MD simulation for c) linear and d)
cyclic complex. e) Distributions of distances for linear (left) and cyclic (right) complexes. The figure also
shows the distances of a single template with a solid black line for both systems.
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Strain analysis

The energies for strain calculations were obtained from MM calculations carried out in Gromacs 2019 with a
double precision installation.’* Structures were minimised using the steepest descent algorithm with a step size
of 0.01 nm, a convergence threshold of 1 kJ mol™' and a maximum number of steps of 50000. Minimisation
was done in vacuum with no periodic boundary condition and no cut-off for non-bonded interactions.

Strain energy in the I-P24e system was calculated as the energy difference to the linear lowest energy
conformer. Structures with different end to end distances were built and then minimised as described above.

Strain energy in ¢-PN systems was calculated from homodesmotic reaction schemes such as:
c-P24 + 24 I-P4 - 24 I-P5
Strain energies in c-P/Nb systems were calculated from homodesmotic reaction schemes such as:

c-P24b + 23 I-P4 + I-P4bse — 23 I-P5 + I-P5b,e

Ar
R R
N
Ar Ar
I-PN I-PNby_qe
Ar
N
Ar
c-PN c-PNb

Figure 56. Structures used for strain calculations.

Strain from bending of a linear 24-porphyrin chain

Strain in /-P24e increases as its end-to-end distance decreases non-linearly and roughly approaches the strain
energy of the closed ring. The strain correlates very well to the curvature of the porphyrin chain and follows
the classical expression of strain energy in a linear elastic system*’:

1
Us =g [ dx (16)

where Us is the strain energy, R is the radius of the circle that describes the curvature of the system, g is
summarising physical constants describing the material and cross section of the system, and [ dx is an integral
over the length of the beam. This can be modified for porphyrin structures by summing the curvature squared
times the length of each porphyrin:

l
Us ZQZiR_Lg:z”gT (17)

where / is the length of a porphyrin unit measured from meso carbon atom to meso carbon atom, R; is the radius
to the circumcircle of a triangle fitted to the porphyrin and 7 is the average curvature of the structure. The
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circumcircle is defined by the zinc ion and the two atoms attached to the carbons in the meso positions of the
porphyrin (inset Figure 57). The strain energy has been plotted as a function of curvature and as end of distance,
which is defined by the hydrogen atoms of the terminal alkynes. The average curvature of the system appears
to be a better parameter to describe the strain than the end-to-end distance.
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Strain energy in cyclic systems

The strain in cyclic systems decreases with 1/R where R is the radius of the ring, according to the classical
description for strain in elastic systems. Assuming constant curvature across the whole ring gives:

Uszflidxzfz

TR g _ 1
0 72 o gzdx=2mg—

(19)

The strain in singly-linked porphyrin rings decrease with 1/R. In addition, there is an alternating pattern
between the strain energies of even and odd numbered rings (Figure 58 and 59). Odd numbered rings have a
larger strain than predicted by the trend of the even rings, as the odd number leads to a smaller average dihedral
angle between neighbouring porphyrins. Strain energies were validated by DFT calculations at the
PBEO+D3BJ/def-SVP level of theory for ring sizes 9 to 15 and showed good agreement.

In singly-linked porphyrin rings with one butadiyne link there is no alternation of strain energy between even
and odd numbered rings because the butadiyne link allows all porphyrins to assume the ideal angle relative to
the adjacent porphyrins. For a given ring size, the ring strain energy is larger in the fully singly-linked ring.
However, for larger ring sizes both systems have similar strain energies. Extrapolation of the strain energy
trends predicts zero strain energy (within error margin) for infinite ring sizes as is expected. The slope of the
line that describes the strain energy trend in the c-P/Nb systems is equivalent to that for the linear /-P24e system
(ratio = 2370/2276 = 1.04) which shows the consistency of the average curvature approach.
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Table 8. End-to-end distances, curvatures, optimised energies, and strain energies for /-P24e at different end-
to-end distances. Molecular mechanics calculations.

End-to-end distance / nm Average Curvature / nm™ Energy / kJ mol™! Strain energy / kJ mol™
20.358 (*) 0.03 -18313.613 0.0
18.220 0.14 -18311.406 2.2
17.209 0.21 -18309.649 4.0
16.198 0.27 -18307.164 6.4
15.189 0.35 -18304.866 8.7
14.176 0.42 -18302.286 11.3
13.199 0.48 -18299.945 13.7
12.191 0.55 -18297.204 16.4
11.185 0.63 -18294.383 19.2
10.173 0.72 -18291.396 222
9.236 0.78 -18288.773 24.8
8.202 0.88 -18285.369 28.2
7.259 0.95 -18282.313 31.3
6.268 1.05 -18278.915 34.7
5.238 1.16 -18275.154 38.5
4.287 1.28 -18271.456 42.2
3.260 1.38 -18267.022 46.6
2.256 1.50 -18262.592 51.0
1.251 1.64 -18257.496 56.1

* = Lowest energy conformer
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Table 9. Optimised energies and strain energies for the linear and cyclic oligo porphyrin compounds from
molecular mechanics calculations.

Curvature / nm™' Energy / kJ mol™! Strain energy / kJ mol™!

I-P4 - -2460.387 -

I-P5 — -3045.522 -
[-P4bse - -3365.366 -
[-P5bqe — -4131.126 -
c-P9b 0.778 -6524.957 186.2
c-P10b 0.705 -7307.265 169.7
c-P11b 0.644 -8087.141 155.6
c-P12b 0.593 -8865.009 143.5
c-P13b 0.550 -9641.654 132.6
c-P14b 0.512 -10414.497 125.5
c-P15b 0.479 -11189.209 116.6
c-P16b 0.451 -11961.074 110.4
c-P17b 0.425 -12734.335 102.9
c-P18b 0.402 -13503.486 99.6
c-P19b 0.382 -14275.823 93.0
c-P20b 0.363 -15045.093 89.5
c-P21b 0.346 -15815.910 84.4
c-P22b 0.331 -16583.561 82.5
c-P23b 0.317 -17354.488 77.4
c-P24b 0.304 -18121.854 75.7
c-P25b 0.292 -18892.253 71.1
c-P26b 0.281 -19658.958 70.2
c-P27b 0.271 -20428.665 66.2
c-P28b 0.262 -21195.583 65.1
c-P29b 0.253 -21965.082 61.3
c-P30b 0.245 -22731.134 61.0
c-P31b 0.237 -23500.125 57.8
c-P32b 0.230 -24266.594 57.1

c-P9 0.832 -6671.462 220.4
c-P10 0.749 -7469.540 188.1
c-P11 0.681 -8242.284 181.1
c-P12 0.624 -9033.308 155.8
c-P13 0.576 -9803.993 150.9
c-P14 0.535 -10585.203 135.4
c-P15 0.499 -11354.524 131.9
c-P16 0.468 -12134.640 117.5
c-P17 0.441 -12903.159 114.8
c-P18 0.416 -13677.766 105.9
c-P19 0.394 -14445.718 103.7
c-P20 0.374 -15221.055 94.1
c-P21 0.357 -15988.387 92.6
c-P22 0.340 -16760.027 86.7
c-P23 0.326 -17527.107 85.4
c-P24 0.312 -18299.570 78.7
c-P25 0.300 -19066.575 77.4
c-P26 0.288 -19836.120 73.6
c-P27 0.277 -20603.157 72.4
c-P28 0.267 -21374.010 67.3
c-P29 0.258 -22140.548 66.5
c-P30 0.250 -22909.324 63.5
c-P31 0.242 -23675.887 62.7
c-P32 0.234 -24445.599 58.7
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Strain calculations by DFT

All the DFT calculations were performed using Gaussian 16/A.03.4! The porphyrin meso aryl groups were
replaced with hydrogen atoms. Geometries of molecular models /-P4, I-P5, [-P4bse, I-P5b4e, c-P12, ¢-P24, c-
P12b, and ¢-P24b were optimised at PBE0+GD3BJ/Def2SVP level of theory.>”*® Due to the large size of the
cyclic oligomers, we were only able to rigorously confirm the minima with frequency calculations on the linear
oligomers /-P4, I-P5, [-P4bse, and /-PSb4e, which gave no imaginary frequency.

The theoretical predicted strain energies (Esmin) Were estimated by homodesmotic reactions, where the
calculated electronic energies were subtracted according to:

Ec_py + N x Ej_py — N * Ej_ps = Egtrain(c—pPN) (20)

Ec_pyp + (N — 1) x Ej_pg + Ej_pabze — N * Ej_ps — Ej_psbae = Estrain(c—PNb) (2h

Table 10. Electronic and strain energies for the cyclic and linear oligo porphyrin compounds.

Energy / Hartrees Strain energy / kJ mol™
I-P4 -11058.770946 -
I-P5 -13823.169308 -
I-P4bse -11666.853741 -
I-P5ba4e -14583.279225 -
c-P12 -33172.720757 156.4
c-P24 -66345.530016 80.5
c-P12b -33324.754238 139.8
c-P24b -66497.558937 75.8

Figure 60. Homodesmotic reaction scheme used for the strain calculations in ¢-P12 and c-P24.
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Figure 61. Homodesmotic reaction scheme used for the strain calculations in c-P12b and c-P24b.

82




Section 11. NMR and mass spectra
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Table 11. '"H NMR assignment and 2D correlations of the T12 template. Key '"H-'H NOE correlations are
indicated with double-headed arrows.

G4'—C10’

CHy(CHy),
on

Assign. 'H Mult. COSY NOESY!®! HSQC HMBC
1 o 8.62-8.40 (m, 4H) 6 s: 6 150.48 (CH) s: 150.48, 124.10
2 vk 7.66 (d, J=8.2 Hz, 2H) 3 s:3 131.95/131.92 (CH) s: 131.95/131.92, 124.29, 99.71; m:
131.56
3 vk +0 7.64-7.58 (m, 4H) 2,5 s:5;m: 12 131.95/131.92+131.56 s: 142.18, 131.95/131.92, 131.56,
(CH) 122.83, 92.08, 89.60+89.11; m:
129.43
4 € 7.43 (s, 1H) - st 12;m: 8; 133.19 (CH) s: 142.50, 142.18, 141.44, 88.30,
32.60; w: 130.41, 34.49
5 n 7.32 (d, J= 8.0 Hz, 2H) 3 w: 12 129.43 (CH) s:129.43, 121.66; m: 141.44,
131.56; w: 92.08
6 B 7.15 (d, J=5.7 Hz, 4H) 1 m: 11, 13; w: 10 124.10 (CH) s: 150.01, 124.10, 31.71
7 g 7.06 (s, 1H) - st 11;m:3,5 130.41 (CH) s: 142.18, 137.86, 121.73, 34.49; m:
133.19
8 ) 6.68 (d, J=2.2 Hz, 2H) 9 m: 4,9, 11; w: 10, 110.09 (CH) s: 159.94, 110.09, 102.47, 92.76
13
9 % 6.42 (t,J=2.1 Hz, 1H) 8 m: 8, 10; w: 11, 102.47 (CH) s: 159.94, 110.09; w: 125.20
13
10 c3 3.97 (t,J=6.0 Hz, 4H) 13 st 13;m: 9, 11; w: 66.80 (CH2) s:159.94, 31.71, 29.85/29.83
6, 8
11 o1t04 2.89-2.77 (m, 6H) 13, 14 s:7,13;m: 6, 8, 34.49+31.71 s: 150.48, 124.10, 66.80,
10, 14; w: 9 (CH>) 29.85/29.83; m: 142.50, 130.41,
30.98; w: 121.66
12 7% 2.54 (t,J=28.0 Hz, 2H) 15 s:4;m: 15; w: 3, 32.60 (CHa) s: 133.19; m: 137.86, 31.41; w:
5 141.44, [29.65, 29.56, 29.48, 29.40,
29.29]
13 o2 2.17-2.08 (m, 4H) 10, 11 s: 10, 11; m: 6; w: 29.85+29.83 (CHa2) s: 150.48, 66.80, 31.71
9
14 os/os” 1.71 (p, J=7.7 Hz, 2H) 11,15 m: 11, 15; w: 8 30.98 (CHz) w: 142.50, 34.49, [29.85, 29.83]
15 os/0s” 1.51-1.14 (m, 22H) 12, 14, 16, 17 s: 16, 17; m: 12, 32.04,31.99, 3141, s: [32.04, 31.99], [29.65, 29.56,
G6-G10 14 29.85, 29.65, 29.56, 29.48, 29.40, 29.29]; m: 22.82,
G6’-G10” 29.48, 29.40, 29.29, [14.28, 14.26]
22.82 (CHz)
16 ou/on’ 0.86 (t,J=17.1 Hz, 3H) 15 s: 15 14.28/14.26 s:[32.04, 31.99], 22.82
(CHs) (CHs)
17 cu/on’ 0.84 (t, J= 6.9 Hz, 3H) 15 s: 15 14.28/14.26 s: [32.04, 31.99], 22.82
(CHs) (CHs)

[2IRelative intensities of NOE and HMBC correlations are labeled as s, m, or w for strong, medium, or weak.
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O —— Peak No. 7 at 6.817 ppm, vargrad, 1[0] = 1.188e-01, D = 9.309e-11 m2/s (7)
O —— Peak No. 8 at 4.099 ppm, vargrad, 1[0] = 6.968e-02, D = 9.559e-11 m2/s (8)
O —— Peak No. 9 at 1.821 ppm, vargrad, 1[0] = 3.758e-01, D = 9.453e-11 m2/s (9)
O —— Peak No. 10 at 0.825 ppm, vargrad, [[0] = 9.551e-01, D = 9.956e-11 m2/s (10)

Figure 116. 'H diffusion NMR (500 MHz, CDCls, 298 K) of /-P24. A) '"H DOSY plot. B) Diffusion decay
plots fitted to the Stejskal Tanner equation and the resulting diffusion coefficients obtained. Acquisition
parameters: G=0.90-44.19 G/cm, D =0.10 s, and d = 4600 ps. The average diffusion coefficient D =9.40-10~
""'m?s7!, * = residual solvent peak, # = silicone grease peak.
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Table 12. 'H NMR assignment and 2D correlations for c-P24b.

cs-P24

# Assign 'H Mult. COSsY! NOESY!®! HSQC
1 H1 10.14 d,J=4.3 Hz, 4H m: 3; w: 9 s:3;m: 9, 14; w: S 131.2
2 B’ (+B) 9.60-8.53 m, 104H s:6;m:9; w: 14 $:6,9,11,14; m: 9,15, 16 132.2
3 H2 9.33-9.30 m, 4H m: 1;w: 9 s 1,9;m: 14; w: 5, 12 133.7
4 H6 8.88-8.85 m, 4H m:7; w: 9 m:7,10; w: 13 132.1
5 H3 8.82-8.79 m, 4H m: 8; w: 9 m:9;w:1,3,8, 12 132.1
6 B 8.53-8.11 m, S6H s:2;w: 9 $:2,9,14; 11:m; 11; w: 15 134.2
7 HS 8.25-8.22 m, 4H m: 4 m: 4, 10 134.2
8 H4 8.22-8.19 m, 4H m:5 m:9; w: 5 134.2
9 o (+B) 8.10-6.96 m, 120H s: 14, m:2;w: 1,3,4,5,6, $:2,3,6,11,14;m: 1,2,5, 8, 15, 16 114.2
12, 16
10 02 7.44 s, 4H w: 13 s:13;m: 4,7 114.2
11 P 6.98-6.52 m, 48H s: 14; w: 16 s:2,9,14;,m: 6, 15, 16 101.2
12 pl 6.87 s, 2H w: 9 w:3,5 101.2
13 p2 6.73 s, 2H w: 10 s: 10; w: 4 101.1
14 OCH» 4.60-3.36 m, 192H s:9, 11,15, 16; w: 2 $:2,6,9,11,15,16;m: 1,3 68.4
15 OCH2-CH, 1.94-1.60 m, 192H s: 14, 16 s:14,16;m: 2,9, 11; w: 6 29.6,29.5,29.4
16 (CH>)s 1.60-1.06 m, 960H s: 14,15,17; w: 9, 11 s:14,15,17; m: 2,9, 11 31.8,29.5,29.3,26.2,22.7
17 CH; 0.96-0.60 m, 288H s: 16 s: 16 14.1

[2IRelative intensities of COSY and NOE correlations are labeled as s, m, or w for strong, medium, or weak.
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O —— Peak No. 1 at 10.163 ppm, vargrad, I[0] = 1.029e-02, D = 1.347e-10 m2/s (1)
O —— Peak No. 2 at 8.954 ppm, vargrad, I[0] = 2.666e-01, D = 1.307e-10 m2/s (2)
O —— Peak No. 3 at 8.376 ppm, vargrad, I[0] = 1.443e-01, D = 1.289e-10 m2/s (3)
O —— Peak No. 4 at 6.791 ppm, vargrad, I[0] = 1.489e-01, D = 1.420e-10 m2/s (4)
O —— Peak No. 5 at 4.070 ppm, vargrad, I[0] = 2.712e-01, D = 1.33%¢-10 m2/s (5)
O —— Peak No. 6 at 1.791 ppm, vargrad, I[0] = 4.740e-01, D = 1.330e-10 m2/s (6)
O —— Peak No. 7 at 0.793 ppm, vargrad, I[0] = 9.962e-01, D = 1.306e-10 m2/s (7)

Figure 139. 'H diffusion NMR (700 MHz, CDCl;, 298 K) of ¢-P24b. A) 'H DOSY plot. B) Diffusion decay
plots fitted to the Stejskal Tanner equation and the resulting diffusion coefficients obtained. Acquisition
parameters: G =9.63-47.19 G/cm, D = 0.1 s, and d = 3600 ps. The average diffusion coefficient D =1.33-10"
10 m2s!, * = residual solvent peak, # = silicone grease peak.
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Table 13. Complete 'H NMR assignment and 2D correlations for the complex, ¢-P24b-(T12),.

# Assign. 'H Mult. TOCSY™ NOESY® HSQC
1 1 10.11-9.96 m, 2H s:2 s:3(2);m: 2, 5,6, 11 -
2 I 9.93-9.77 m, 2H s:3(2%) s:3(2°);m:1,7,11 -
3 2,p,2 9.61-8.67 m, 96H s: 1,2 2m:5,6,11; w: 8 131.5
B’s:1,2,5,6,8, 11; m: 10, 12; w: 4
2’m: 7,11
4 B 8.73- m - m: 11; w: 3(B”) -
7.93001
5 0 7.92-7.74 m, 120H s:8;m: 6 s:3(B), 11; m: 1, 3(2), 6, 8; w: 12 115.3
6 o+n/60 7.73-7.49 s:7,8m:S5 s:3(B°), 7, 11; m: 3(2), 5, 8, 14 131.3, 113.9
7 £+1/0 + vk 7.46-6.98 m, 60H s:6,9;w: 10 s: 6,14, 11; m: 2,3(2°), 8; w: 13 132.8, 131.4, 128.9, 127.8,
125.6
8 p+E 6.97-6.70 m, 60H s:5 s:3(B°), 11, 13;m: 5, 6, 7; w: 3(2) 129.8, 100.4
9 Vk+d+y 6.68-6.21 m, 60H s: 7 s: 11; m: 10, 13 127.6, 100.0
Bey 6.00-5.56 m, 48H m: 12; w: 7 s: 12; m: 3(B°), 9 123.4
OCH: Oct + 4.45-3.37 m, 240H s: 15 $:5,7,8,9;m: 1,2,3(2),3(2°), 4, w: 12 68.3, 68.3, 68.1
o3
12 Opy 3.35-2.86 m, 48H m: 10 s: 10; m: 3(B*); w: 5, 11 143.4
13 G4 2.84-2.49 m, 24H s: 15 s:8;m: 9 w7 34.2
14 o4’ 2.48-2.24 m, 24H s: 15 s: 7; m: 6 323
15 aliphatic 2.24-0.40 m, 1848H s: 11,13, 14 n/a n/a

[2IRelative intensities of TOCSY and NOE correlations are labeled as s, m, or w for strong, medium, or weak. [P"Most likely this region only covers a fraction of the B protons.
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Figure S141. 'H NMR spectrum of ¢-P24b-(T12), (700 MHz, CDCl;, 298 K). * = CHCl;; #
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Figure 142. Diffusion-edited '"H NMR spectrum of ¢-P24b-(T12); (700 MHz, CDCls, 298 K). # = silicone
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Figure 144. Ar-region of TOCSY spectrum (700 MHz, CDCl3, 298 K) of ¢-P24b+(T12),. * = CHCl;.
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Figure 145. Full NOESY (700 MHz, CDCl3, 298 K) spectrum of ¢-P24b-(T12),. Mixing time = 400 ms. * =
CHCls; # = silicone grease.
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Figure 146. Ar-region of NOESY spectrum (700 MHz, CDCls, 298 K) of ¢-P24b-(T12),. Mixing time = 400
ms. ¥ = CHCls; # = silicone grease.
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Figure 148. Ar-region of HSQC spectrum (700 MHz, CDCl3, 298 K) of ¢-P24b-(T12),.
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Figure 149. MALDI-ToF spectrum of the complex, ¢-P24b-(T12),, with DCTB as matrix. Overview (top)
and zoomed-view of the M™ region (bottom).
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Figure 150. 'H diffusion NMR (700 MHz, CDCl;, 298 K) of ¢-P24b-(T12),. A) 'H DOSY plot. B) Diffusion

decay plots fitted to the Stejskal Tanner equation and the resulting diffusion coefficients obtained. Acquisition

parameters: G =2.41-45.74 G/cm, D=0.19 s, and d = 3000 ps. The average diffusion coefficient D=1.37-10"
®m?s7!, * = residual solvent peak, # = silicone grease peak.
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