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Synthesis and Characterization of Porphyrin Nanorings

All reagents were purchased from commercial sources and solvents were used as supplied
unless otherwise noted. Dry solvents (CHCl;, CH,Cl, and toluene) were obtained by passing
through alumina under N,. Diisopropylamine (DIPA) was dried over calcium hydride, distilled
and stored under N, over molecular sieves. NMR data were recorded at 500 MHz using a Bruker
AVII500 (with cryoprobe) or DRX500, or at 400 MHz using a Bruker AVII400 or AVIII400 at
298 K. Chemical shifts are quoted as parts per million (ppm) relative to residual CHCl, (8, 7.27
ppm for 'H NMR and at &. 77.2 ppm for "C NMR) and coupling constants (J) are reported in
Hertz. MALDI-ToF spectra were measured at the EPSRC National Mass Spectrometry service
(Swansea) using the Applied Biosystems Voyager DE-STR or at the University of Oxford using
Waters MALDI Micro MX spectrometer. Size exclusion chromatography (SEC) was carried out
using Bio-Beads S-X1, 200-400 mesh (Bio Rad). Analytical and semi-preparative GPC were
carried out on Shimadzu Recycling GPC system equipped with LC-20 AD pump, SPD-M20A
UV detector and a set of JAIGEL 3H (20 x 600 mm) and JAIGEL 4H (20 x 600 mm) columns in
toluene/1% pyridine as eluent with a flow rate of 3.5 mL/min.

Scheme S1 shows detailed structures of the porphyrin oligomers used in this study. Cyclic
porphyrin hexamer template complex ¢-P6:T6, spiro-fused nanorings s-P11:(T6), and sg,-
P11:(T6),, monomer x-P1 and template T6 were synthesized and characterized according to
reported procedures.'* The linear porphyrin hexamer template complex, I-P6-T6, was prepared
from the protected linear porphyrin hexamer, I-P6.ps, also reported in reference S1. The cyclic
porphyrin hexamer template complex with two opposite tetra(alkyne)-porphyrins, ¢-P6y-T6, was
synthesized from the corresponding porphyrin trimer, I-P3x, and template T6 as described in

Scheme S2.
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Scheme S1: Detailed chemical structures of the porphyrin oligomers used in this study. The sidechain [trihexylsilyl,
Si(C¢H,3); or 3-((2-ethylhexyl)alkoxy)] has no significant effect on the absorption or photoluminescence spectra of
the compounds, but it influences the solubility, aggregation behavior and ease of purification. TIPS = triisopropyl
silyl.
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Porphyrin Monomer P1

Dipyrromethane (3.00 g, 20.5 mmol) and 3-((2-ethylhexyl)oxy)benzaldehyde (4.81 g, 20.5
mmol) were dissolved in oxygen-free CH,Cl, (2.5 L) in the dark. TFA (0.90 mL, 28.7 mmol)
was added and the reaction was stirred in the dark for 3 h. Then, DDQ (6.81 g, 30.0 mmol) was
added and the mixture stirred for 20 mins before Et;N (7.5 mL, 54 mmol) was added. The
volume was reduced and the mixture passed through a short silica gel column (CH,Cl,) to
partially remove the side products. The product was carried forward to the next step without
further purification.

Zn(OACc),2H,0 (4.7 g, 22 mmol) was dissolved in MeOH (30 mL) and added to a solution of
free-base 5,15-bis-(3-((2-ethylhexyl)oxy)-phenyl)-porphyrin (3.1 g, 4.3 mmol) in CHCI; (150
mL). The reaction mixture was stirred at room temperature for 1 h. The volume was reduced and
the mixture passed through a short silica gel column (CH,Cl,) to remove the excess of Zn(OAc),.
The product was finally recrystallised by layer addition of MeOH in a CH,Cl, solution of zinc
porphyrin monomer to give an oily red solid (3.4 g, 43 % over 2 steps).

"H NMR (400 MHz, CDCl;, 298 K): 6y, (ppm) 10.30 (s, 2H), 9.43 (d, J = 4.4 Hz, 4H), 9.20 (d,
J=44Hz, 4H), 7.87-7.80 (m, 4H), 7.68 (t, J=79Hz, 2H), 737 (dd, /'=79 Hz and
J=1.7Hz, 2H), 407 (d, J = 5.3 Hz, 4H), 1.92-1.80 (m, 2H), 1.67-1.44 (m, 8H), 1.42-1.29 (m,
8H),0.99 (t,/ =74 Hz,6H),091 (t,J = 6.9 Hz, 6H).

BC NMR (100 MHz, CDCl;, 298 K): 6. (ppm) 157.0, 150.1, 149.6, 143.9, 132.7, 131.8,
127.7,127.5,121.4,120.1, 114.1,106.3,71.0,39.7,30.8,29.3,24.1,23.2, 14.3, 11.3.

MALDI-TOF: m/z =779.9 (C,sH;,N,0,Zn, M" requires 780.3).

Dibromo zinc porphyrin monomer

A solution of N-bromosuccinimide (1.52 g, 8.56 mmol) in CHCI, (50 mL) was added dropwise
to a solution of zinc 5,15-bis-((2-ethylhexyl)oxy-phenyl)-porphyrin, P1 (3.35 g, 4.28 mmol) in
CHCI, (150 mL) and pyridine (3 mL) in the dark. The reaction was stirred for 5 min and then
quenched with acetone (5 mL). The product was precipitated (CHCl; / MeOH) to give a purple
powder (4.01 g,98%).

'"H NMR (400 MHz, CDCl, +1% pyridine-d’, 298 K): d,; (ppm) 9.66 (d, J = 4.7 Hz, 4H), 8.94
(d, J=4.7Hz, 4H), 7.75-7.69 (m, 4H), 7.62 (t, J=8.0 Hz, 2H), 7.33 (dd, J'=7.8 Hz and
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J=1.7Hz,2H), 4.06 (d, J=5.8 Hz, 4H), 1.90-1.79 (m, 2H), 1.66—1.44 (m, 8H), 1.44-1.29 (m,
8H),0.99 (t,J =74 Hz,6H),0.92 (t,J = 7.0 Hz, 6H).

“C NMR (100 MHz, CDCl;, 298 K): 6. (ppm) 157.7, 150.8, 150.2, 144.0, 143.7, 136.1,
1334, 1329, 127.3, 122.7, 1219, 121.5, 1139, 104.9, 710, 39.7, 30.7, 29.3, 24.1, 23.2, 14.3,
114.

MALDI-TOF: m/z = 940 .4 (C,4Hs,Br,N,0,Zn, M" requires 938.2).
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Scheme S2. Syntheses of linear trimer I-P3y and cyclic porphyrin hexamer template complex ¢-P6x*T6. Conditions
and reagents: i) TFA, DDQ, CH,Cl,, r.t. 43%; ii) Zn(OAc),, CHCl;, MeOH, r.t., 99%; iii) NBS, CHCI;, pyridine,
r.t., 99%; iv) CPDMSacetylene, Pd,(dba);, Cul, PPh;, toluene, DIPA, 50 °C, 95%; v) TBAF, CHCl;, r.t., 40%; vi)
Pd(PPh;),Cl,, Cul, toluene, DIPA, r.t., 27%; vii) TBAF, CH,Cl,, r.t., 99%; viii) T6, Pd(PPh,),Cl,, Cul, CHCl;,
DIPA, rt.,70%. TIPS = triisopropysilyl, CPDIPS = cyanopropyldiisopropylsilyl, Ar = 3-((2-ethylhexyl)oxy)phenyl.

Zinc porphyrin monomer 3
Zinc 5,15-bis-((2-ethylhexyl)oxy-phenyl)-10,20-dibromo-porphyrin (2.00 g, 2.13 mmol), tris-
(dibenzylideneacetone)-di-palladium(0) [Pd,(dba),] (195 mg, 0.213 mmol), PPh, (168 mg, 0.640
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mmol) and Cul (122 mg, 0.64 mmol, 30 mol%) were placed in a pre-dried Schlenk tube before
dry toluene (70 mL) and DIPA (70 mL) were added. The mixture was degassed by freeze-pump-
thaw and 4-(ethynyldimethylsilyl)butanenitrile (0.966 g, 6.38 mmol) was added. Then, the
reaction was stirred at 50 °C for 2 h. The volume was reduced and the mixture passed through a
short silica gel column (5:5:0.1 / 40—60 petrol ether: CH,Cl,: pyridine) to give a dark green solid
(2.1 2,95%).

'"H NMR (400 MHz, CDCl,+1% pyridine-ds, 298 K): d,; (ppm) 9.65 (d, J = 4.6 Hz, 4H), 8.99
(d,J=4.6Hz, 4H), 7.77 (d, J=7.7THz, 2H), 7.75 (s, 2H), 7.65 (t, J=7.7 Hz, 2H), 7.33 (dd,
J'=8.1 Hz and J/°= 1.8 Hz, 2H), 4.05 (d, J = 5.8 Hz, 4H), 2.25 (t, J = 6.8 Hz, 4H), 2.20-2.08 (m,
4H), 191-1.79 (m, 2H), 1.67-1.44 (m, 8H), 1.44-1.31 (m, 8H), 1.21-1.13 (m, 4H), 1.00 (t,
J=74Hz,6H),094 (t,/ =69 Hz, 6H), 0.63 (s, 12H).

“C NMR (100 MHz, CDCl;, 298 K): 6. (ppm) 157.8, 152.3, 150.4, 143.6, 143.2, 133.0,
131.0,127.6,127.5,122.8,122.5,1214,119.8, 114.1, 1094, 100.6, 994, 71.0, 39.7, 30.7, 29 .3,
24.1,23.2,21.1,20.8,163,14.2,11.3,-1.3.

MALDI-TOF: m/z = 1079.3 (C,,H,,NO,Si,Zn, M requires 1078.5).

Monoprotected zinc porphyrin monomer 4

Fully protected porphyrin monomer 3 (800 mg, 0.74 mmol) was dissolved in CHCI; (80 mL)
and pyridine (1 mL) was added. Tetra-n-butylammonium fluoride (0.1 mL, 1.0 M solution in
THF, 0.15 mmol) was added to the stirred solution. The progress of the reaction was monitored
by TLC until an optimal product mixture was reached between the fully protected and the mono-
deprotected porphyrin monomer. The reaction was then quenched with CH,CO,H (0.1 mL, 1.7
mmol) and passed immediately through a short plug of silica gel (CH,Cl,) to give the titled
compound in 40% yield as a dark green solid (308 mg, 0.322 mmol). This compound was
directly used in the next step without further purification.

'"H NMR (400 MHz, CDCl,, 298 K): dy; (ppm) 9.68 (d, J = 4.6 Hz, 2H), 9.63 (d, J = 4.6 Hz,
2H), 8.97 (d, J = 4.6 Hz, 4H), 7.77-7.71 (m, 4H), 7.63 (t, J = 8.1 Hz, 2H), 7.34 (dd, J'=7.9 Hz
and /= 1.7 Hz, 2H), 4.17 (s, 1H), 4.04 (d, J = 5.8 Hz, 4H), 2.59 (t, J = 6.9 Hz, 2H), 2.22-2.11
(m, 2H), 1.90-1.79 (m, 2H), 1.65-1.43 (m, 8H), 1.43-1.25 (m, 8H), 1.22-1.15 (m, 2H), 0.99 (t,
J=75Hz,6H),091 (t,/=7.2 Hz, 6H), 0.62 (s, 6H).
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Porphyrin trimer /-P3_

Mono-deprotected porphyrin monomer 4 (257 mg, 0.268 mmol) and porphyrin monomer x-P1
(35 mg, 0.045 mmol) were dissolved in toluene (10 mL). Then a catalyst solution of
Pd(PPh,),Cl, (3.1 mg, 4.5 ymol), Cul (4.3 mg, 0.025 mmol) and 1,4-benzoquinone (9.7 mg,
0.090 mmol) in a mixture of toluene (5 mL) and distilled DIPA (5 mL) was added and the
reaction mixture was stirred at room temperature for 1 h. The solution was passed through a
short silica plug (100:1 CH,Cl,:pyridine). The crude mixture was purified by column
chromatography (3:7 / 40-60 petrol ether: CH,Cl, with 1% of pyridine), size-exclusion
chromatography (BioBeads SX-1, toluene+1% pyridine) and finally precipitated
(CH,Cl1,/MeOH) to yield I-P3y (33 mg, 27%) as a dark red solid.

"H NMR (500 MHz, CDCl;+1% pyridine-ds, 298 K): 6, (ppm) 9.95 (bd, J = 4.5 Hz, 4H), 9.78
(d,J=44Hz,4H), 9.64 (d,J=4.5Hz, 4H), 9.09 (d, J=4.5 Hz, 4H), 898 (d, J =4.5 Hz, 4H),
7.86-7.79 (m, 8H), 7.69 (t, J = 8.2 Hz, 4H), 7.38 (dd, /’=7.7 Hz and J°= 1.6 Hz, 4H), 4.12 (d,
J=55Hz, 8H), 2.61 (t, /=69 Hz, 4H), 2.24-2.15 (m, 4H), 1.95-1.83 (m, 4H), 1.70-1.48 (m,
58H), 1.48-1.34 (m, 16H), 1.25-1.19 (m, 4H), 1.03 (t, J=7.5Hz, 12H), 0.95 (t, J=7.0 Hz,
12H), 0.65 (s, 12H).

“C NMR (125 MHz, CDCl;, 298 K): 6. (ppm) 157.9, 153.2, 153.1, 152.5, 152.3, 150.6,
150.2, 143.8, 136.3, 133.3, 1330, 132.3, 131.8, 131.0, 129.2, 128 4, 127.5, 1254, 121.5, 119.9,
114.0,109.8, 109.2, 103.9, 102.0, 100.9, 99.7,99.3,99.2, 88.9, 87.7, 83.0, 82.3,71.0,39.7, 30.8,
293,24.1,23.2,21.2,209,193,164,143,12.1,11.4,-1.2.

MALDI-TOF: m/z = 2681 (C,,H,7,N,,0,S1,Zn,, M" requires 2686).

l..x (CHCL)) / nm (log e): 435 (5.46),454 (5.39),510 (5.34), 633 (4.74), 747 (5.11).

c-P6,-T6

Trimer I-P34 (33 mg, 0.012 mmol) was dissolved in a mixture of THF (7.5 mL) and MeOH
(3.5 mL), and K,CO; (12 mg, 0.086 mmol) was added. The reaction mixture was stirred at room
temperature for 1 h. The crude mixture was passed through a short silica plug (CHCl,) to give
the fully deprotected trimer which was used without further purification.

'"H NMR (400 MHz, CDCl,+1% pyridine-ds, 298 K): 6, (ppm) 9.93 (d, J = 4.6 Hz, 4H), 9.89
(d,J=4.4Hz,4H),9.76 (d,J=4.4 Hz, 4H), 9.68 (d, J =4.6 Hz, 4H), 9.06 (d, J =4.6 Hz, 4H),
8.96 (d, J=4.6 Hz, 4H), 7.84-7.76 (m, 8H), 7.67 (t, J = 8.3 Hz, 4H), 7.37 (dd, J’=7.5 Hz and
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S =1.8 Hz, 4H), 4.19 (s, 2H), 4.11 (d, J = 5.7 Hz, 8H), 1.93-1.82 (m, 4H), 1.70-1.46 (m, 58H),
1.48-1.31 (m, 16H), 1.01 (t,J=7.6 Hz, 12H),0.93 (t,J = 6.9 Hz, 12H).

Fully deprotected trimer I-P3y, (30 mg, 12 umol) and porphyrin monomer x-P1 were dissolved
in CHCI; (10 mL) and DIPA (0.2 mL). Then, hexadentate template T6 (6.1 mg, 6.2 ymol) was
added and the resulting mixture was sonicated for 0.5 h. A catalyst solution was prepared by
dissolving Pd(PPh,),Cl, (2.6 mg, 3.7 pmol), Cul (7 mg, 37 pmol) and 1 ,4-benzoquinone (5.3 mg,
49 pumol) in dry CHCI, (8 mL) and freshly distilled DIPA (0.2 mL). This solution was added to
the reaction mixture, which was stirred vigorously at room temperature for 3 h. The crude
reaction solution was purified by silica column chromatography (1:8 / 40-60 petrol ether:CH,Cl,
with 1% of pyridine), size exclusion column on Biobeads SX-1 (toluene, 1% pyridine) and
finally precipitated (CH,Cl,/MeOH) to yield ¢-P64-T6 as a red solid (28 mg, 70%).

'"H NMR (400 MHz, CDCl,, 298 K): ¢, (ppm) 9.61-9.63 (m, 16H), 9.48 (bs, 16H), 8.87-8.77
(m, 16H), 7.79 (bs, 4H), 7.75 (d, J = 6.9 Hz, 4H), 7.69-7.53 (m, 16H), 7.34 (d, J = 7.8 Hz, 8H),
5.58-5.49 (m, 12H), 546 (d, J = 8.0 Hz, 8H), 542 (d, /= 8.0 Hz, 4H) , 5.06-4.99 (m, 8H), 4.98
(d,J=6.6Hz, 4H), 4.13 (bs, 8H), 4.05 (d, J =5.3 Hz, 8H), 2.34-2.23 (m, 12H), 1.93-1.88 (m,
8H), 1.64-1.53 (m, 32H), 1.53-1.46 (m, 84H), 1.46-1.31 (m, 32H), 1.07-0.97 (m, 24H), 0.97-
0.89 (m, 24H).

“C NMR (125 MHz, CDCl;, 298 K): 6. (ppm) 158.0, 157.8, 151.9, 151.8, 151.7, 151.4,
1499, 146.5, 146 .4, 143.6, 143 .0, 142.9, 140.1, 140.0, 138.8, 132.7, 132.3, 132.0, 131.7, 131.5,
130.7, 130.5, 1279, 127.7, 127.3, 127.2, 1239, 123.8, 122.1, 121.0, 1194, 119.2, 114 .4, 113.0,
109.1, 103.7, 101.9, 100.5, 100.0, 99.1,96.5, 894, 71.1, 39.7, 30.7, 29.3, 24.1, 23.2, 19.3, 14 .3,
12.1,11.4.

MALDI-TOF: m/z = 5806 ([c-P6x'T6] — C;H, (isopropyl group from TIPS),
C;,H 4N, OgSi,Zn,, [M* — C,H,] requires 5827), m/z = 48295 ([c-P6x] - C;H,,
C,9,H,43N,,04Si1,Zn,, [M*— C;H, - T6] requires 4829.8).

A pax (CHCL;) / nm (log €): 489 (5.68), 761 (5.50), 797 (5.68), 837 (5.67).
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Spectra Confirming Purity and Identity of New Compounds
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Figure S1: 'H (top) and >*C NMR (bottom) spectra of zinc porphyrin monomer P1 (400 MHz (100 MHz for '*C), CDCl,,
298 K).
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Figure S5. 'H (top) and "C NMR (bottom) spectra of cyclic porphyrin hexamer template complex ¢-P6y'T6 (500

MHz (125 MHz for °C), CDCl,, 298 K).
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Absorption and Emission Spectra

Figure S6 shows extinction coefficient and PL emission spectra at room temperature for all
porphyrin nanorings under investigation. Extinction coefficient spectra were measured over the
range of 350-1000 nm and the emission spectra were measured in the range of 800—1500 nm at

an excitation wavelength of 500nm corresponding to the Soret band.

I) 1)
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a) 1 a)
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5 | 1 0.5

Extinction coefficient [Mtcm™]
(3lun *gue) Aysusul 1d

—
~
_

M L " 0 L 1 M
400 600 800 1000 800 1000 1200 1400
Wavelength [nm] Wavelength [nm]

Figure S6: Extinction coefficient (I) and PL intensity (II) spectra of a) ¢-P6-T6, b) ¢-P64-T6, c) fused ring with
ethyl, d) fused ring and e) I-P6-T6. Data points between dotted lines in PL intensity spectrum are excluded because
of solvent absorption effects.
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Time-Resolved Photoluminescence Spectroscopy

The photoluminescence (PL) upconversion technique was engaged to investigate the PL
dynamics of sample solutions held in quartz cuvettes. An excitation pulse was generated by a
mode-locked Ti:Sapphire laser with pulse duration of 100 fs and a repetition rate of 80 MHz. PL
is collected and optically gated in a beta-barium-borate (BBO) crystal by a vertically polarized
time-delayed gate beam. The upconverted signal, which consists of sum-frequency photons from
the gate pulse and the vertical component of the PL, was collected, dispersed in a
monochromator and detected using a nitrogen-cooled CCD. Using a combination of a half-wave
plate and a Glan-Thompson polarizer, the polarization of the excitation pulse was varied and the
PL intensity dynamics were recorded separately for components polarized parallel (/) and

perpendicular (/) to the excitation pulse polarization as shown in Figure S7a) for I-P6-T6 as an

I||—IJ_
I||+21J_

example. The PL anisotropy is defined using y = and calculated from the measured

components.”® The full-width-half-maximum of the instrumental response function was
measured to be ~270 fs, which gives the time-resolution limit of the system. The anisotropy
dynamics are constant within at least 15ps after excitation, as shown for I-P6-T6 in Figure S7b)
as an example for such traces. To obtain a representative value for the PL anisotropy as a
function of excitation wavelength, eight PL intensity values were independently recorded at 5 ps
delay for each polarization direction, averaged and the equation above was applied. The
concentration of the sample solutions was on the order of 10~ mol/L. To achieve a good signal-
to-noise ratio and comparability, the detection wavelength was chosen to be near the emission

peak for each sample and kept constant for all excitation wavelengths.
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Figure S7: a) Time-resolved PL dynamics of I-P6:T6. The sample was excited by 810 nm pulses polarized either
parallel (blue dots) or perpendicular (green dots) to the detection polarization and the PL at 915 nm was detected. b)
PL anisotropy dynamics of I-P6-T6. The lines serve as a guide to the eye.

To investigate PL decay dynamics at longer delay time after excitation electronic gating
through time-correlated single-photon counting (TCSPC) technique was used (Becker&Hickl
module). Here, the emission was detected with a silicon single-photon avalanche diode, yielding
a temporal resolution of around 40 ps. By fitting the PL intensity (/) decay to a single

exponential decay model, I = Ae~t/7, the lifetime T of the excitation was extracted.
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Quantum Yield and Radiative Rate

As quantum yield measurements had been carried out on porphyrin nanorings in previous

studies,’” a relative approach was adopted in this study using I-P6 as a reference:

Isample x Absref (Aext)
Iref Abssample (Aext)

where [ is the integrated area of PL emission spectrum at the excitation wavelength A,,, and

Abs(Aext) is the absorbance at A.,;. The QY of the reference compound I-P6 is 28%. The

QYsample = XQYref'

quantum yields for each compound was independently measured three times and the average was
taken.

Steady-state absorption and time-integrated PL spectra at room temperature were recorded
using a PerkinElmer Lambda 1050 UV/VIS/NIR spectrometer and a Horiba FluoroLog
fluorimeter respectively.

Using the obtained quantum yield and the overall decay rate I},q,; extracted from the PL
transients (I;y;q; = 1/7), the radiative (I}.) and non-radiative (I},,.) rate were extracted using:

Lraa = QY XTiorr  and  Tiorqr = T + Ty

The non-radiative rate is approximately a factor of ten larger than the radiative rate for all

compounds except the symmetry-broken I-P6-T6, where [}, is only larger by a factor of four.

The observed PL transients are dominated by the contribution from the non-radiative decay.
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