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Abstract: A hexagonal 3D metal-organic coordination network [(ZnTPyP)  0.75 DMSO], (3D
Helix) and a 1D coordination polymer [(ZnTPyP)sDMF], (1D Ladder) where ZnTPyP is
5,10,15,20-tetrakis(4-pyridyl)porphyrinatozinc(Il), have been prepared and their photophysical
properties were investigated to assess their ability to promote efficient exciton energy migration
through singlet-singlet annihilation processes, and to photosensitize of singlet oxygen, 'Oz(). The
presence and absence of annihilation in 3D Helix and 1D Ladder respectively, proves indicative
of their ability to efficiently promote exciton migration. Density functional theory (DFT) and
time-dependant DFT (TDDFT) calculations were used to demonstrate the presence of inter-
porphyrin couplings in the 3D Helix structure. Using Forster’s theory of energy transfer, the
relative efficiencies of exciton migration across the bulk was corroborated by the structural
parameter k*/r® where «k is an orientation factor related to the transition moments and r is the
center-to-center distance between the energy donor and acceptor. Concurrently, based on the
magnitude of 'Oz phosphorescence (1280 nm), it was noted that 3D Helix photosensitizes
'02(e) more efficiently than 1D Ladder (by roughly one order of magnitude). During this study, a
new 2D-MOCN was prepared, 2D Grid [(ZnTPyP)*4CHCl3],, but weak ZnN interactions and
evaporation of CHCl; transformed 2D Grid into multiple phasic mixture (ZnTPyP Morph)

containing both 3D Helix and other 1D ladder-like species.



Introduction
Metal-organic frameworks (MOFs) are important materials for sustainable development and find

applications in gas storage, compound separation,'” adsorption of organic and inorganic

5 energy,®’ catalysis,® antimicrobials,” food packaging!® and

contaminants,>* depollution,
photodynamic therapy,!' to cite a few. These materials distinguish themselves by being
constructed with metallic nodes and organic linkers forming porous 2D- and 3D-semiconducting
frameworks, each playing active roles such as coordinating guest molecules, redox activities, and
heavy atom effects on the excited state dynamics. The node is generally a polymetallic 0D- or
1D-secondary building unit (SBU). Concurrently, metal-organic coordination networks
(MOCNSs) are a subgroup of MOFs where the node consists of a single metal atom,'? and
porphyrins turn out to be ideal linkers for this subclass of materials.!*!” This versatile linker
benefits from intense absorption bands in the visible region that allows porphyrin-based MOFs to
perform well in fields such as photo-induced eradication of pollutants and toxins in water,'®
photosensitization of singlet oxygen ('02), for antibacterial and fungicidal purposes (in solution

or from the air),!” photocatalytic transformation of organic molecules,?® and cancer therapy.?!

Concurrently, porphyrin-based MOCNSs also exhibit rich visible light driven properties such as

22-28 29,30

degradation of organic molecules and pollutants, organic synthesis, generation of solar

31,32

fuels, and even solar cells.>***" These photocatalytic and photo-sensitizing behaviors are

d,>*42 and also known to affect the

profoundly influenced by the morphology of the soli
nonlinear optical properties of solid samples.** For instance, a direct link between excitation

energy migration and up-conversion processes was recently established.*®

18-21

Porphyrins are efficient photosensitizers for the formation of singlet oxygen in MOFs and

MOCNSs,* but its detection relies mainly on ESR spectroscopy (using spin traps) and



heterogeneous photocatalytic degradation of standard dyes in suspension in solution.!” These
indirect methods only allow for qualitative assessments of performance as ESR is not a
quantitative method and a suspension in solution still suffers from diffusion controlled processes
in a liquid. Concurrently, the direct detection of 'Ox(g) at solid/gas interfaces from its
phosphorescence in the near-IR region is more desirable, but proves to be quite rare as excitation
usually requires a high intensity light source.*’* Such a technique would provide a more
reliable estimation of the relative production of 'Ox(g), and thus draw a direct link between the
rate of excitation energy migration and the generation efficiency of 'Ox(g). This information
would prove quite useful in assessing the performance of a new photocatalyst or photosensitizer
reliably, particularly when structure and morphology vary from one sample to the next. We now
report the photophysical traits, particularly the rates of excitation energy migration analyzed
through the singlet-singlet annihilation process, and the phosphorescence of photosensitized
!0x(g) at the solid-gas interface of two porphyrin-based MOCNs of 5,10,15,20-tetrakis(4-
pyridyl)porphyrinatozinc(Il) (ZnTPyP), referred to as 3D Helix and 1D Ladder. A
heterogeneous mixture, Morph, arising from the rearrangement of a previously unknown 2D
Grid is also partially characterized. It is found that the 3D Helix exhibits singlet-singlet
annihilation when submitted to high intensity laser flux, indicating the presence of efficient
excitation energy migration, whereas the 1D Helix and the Morph mixture do not. Concurrently,
the 3D Helix photosensitizes significantly more !0,(g) than the 1D Ladder, establishing for the
first time a direct link between excitation energy migration and photosensitization efficiency of

'0,.



Experimental section
All materials were purchased from Sigma-Aldrich and Oakwood Chemicals and used without

further purification. DMF was dried over activated 3 or 4 A molecular sieves.

Synthesis
H2TPyP (adapted from ref’°): 4-pyridine carboxaldehyde (6.2 mL, 66 mmol) was added to N»-

saturated propionic acid (500 mL) and the mixture was heated to near-reflux under magnetic
stirring and N> atmosphere. Pyrrole (4.6 mL, 67 mmol) was added over roughly 30 s. The
mixture was shielded from light and brought to full reflux overnight. Once cooled to room
temperature, the reaction mixture was chilled in the refrigerator overnight, and was Biichner-
filtered under vacuum. The filtrate was diluted with an equal volume of cold water and filtered
again directly on the purple solid again to catch more precipitate. The solid was rinsed with near
boiling water followed by cold methanol (flasks should be changed to avoid flash-boiling the
methanol) and dried in situ. The solid was dissolved in dichloromethane, the organic phase
washed with water, dried with MgSOs, and evaporated under reduced pressure. The residue was
purified by flash chromatography on silica gel using CHCl3:MeOH 3:1 as eluent. 'H NMR
confirmed identity and purity of the product (matte purple powder, yield = 32%). "H NMR (400
MHz, CDCls, oppm): 9.07 (d, 8H); 8.87 (s, 8H), 8.17 (d, 8H); -2.92 (s, 2H).

ZnTPyP (adapted from ref°’): Pure H,TPyP (255 mg, 0.41 mmol) was dissolved in a mixture
of chloroform (1.9 mL) and methanol (0.5 mL) with zinc nitrate hexahydrate (360 mg, 1.65
mmol). The mixture was brought to reflux under magnetic stirring for 2 h. Once cooled to room
temperature, the reaction mixture was washed with water. The organic phase was dried with
MgSOs and evaporated under reduced pressure. The residue was purified by flash

chromatography using CHCl3:MeOH 4:1 as eluent. "H NMR confirmed identity and purity of the



product (metallic pinkish-purple powder, yield = 97%). '"H NMR (Figure S1, 400 MHz,
DMSO-ds, dppm): 9.03 (s, 8H); 8.85 (s, 8H), 8.24 (d, 8H).

3D Helix: A flame-dried 150 ml glass pressure vessel was loaded with H,TPyP ligand (220
mg), zinc nitrate hexahydrate (1.492 g, 14 Eq) and dry DMF (40 mL). The flask was sonicated
until homogeneous, sealed with a Teflon-lined cap, and heated in the oven at 100 °C for 23 h.
After cooling to room temperature, the crystals were drained, rinsed with fresh dry DMF, and
dried under vacuum. Boiling DMSO was poured on the crystals to recrystallize. The crystals
were cooled to room temperature, vacuum-filtered and rinsed with a small amount of fresh
DMSO, dried in situ, and subjected to moderate heat (approx. 60 °C) overnight. Structure
elucidation was performed on a sufficiently large crystal. The powder XRD pattern matched the
simulated one calculated from the elucidated X-ray structure, confirming the sample’s
homogeneity.

1D Ladder: ZnTPyP ligand (30.0 mg) was dissolved in dry DMF (8 mL) and nitrobenzene
(0.1 mL). The mixture was sonicated 15 min in a sealed vial then and heated at 120°C for 24 h.
After cooling to room temperature and decanting, DMF was drained, and the powder briefly
rinsed in fresh dry DMF (1x 6 mL). The solvent was drained, and the powder dried under
vacuum overnight. The powder XRD pattern matched the simulated one calculated from X-ray
data, confirming the sample’s homogeneity. Note that heating for 40 h instead of 24 h yielded the
same structure.

2D Grid: ZnTPyP ligand (6 mg, 0.01 mmol) was dissolved in chloroform (4 mL) and
nitrobenzene (1 mL). The vial was sonicated for 10 min and the mixture was left to evaporate
slowly over 7 days at room temperature in a vibration-dampening sand bath with the screwcap

loosely attached. Crystals were fished out of the solution and a XRD structure elucidation was



performed on a sufficiently large crystal. After several weeks, the powder XRD pattern no longer
matched the simulated one calculated from the X-ray data indicating that this structure is
metastable. The structure assignation of the various phases was performed (see phase analysis

description below). Because of this meta-stability, only a partial characterization was performed.

Instrumentation and procedures
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Advance 300

Ultrashield or Bruker AS400 NMR spectrometers. Chemical shifts are given in ppm relative to
the residual peaks of CDCI3 or DMSO-ds.

Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer TGA 7 apparatus
between 25 and 950 °C at 10 °C/min heating rate under argon atmosphere.

Infrared Spectra were recorded on an ABB Bomem MB104 series FTIR spectrometer with a
resolution setting of 4 cm™'. 128 scans were accumulated for both blank and sample acquisitions.

Solid-State UV-Vis absorption spectra were recorded on a Varian Cary 300 Bio UV-Vis
spectrophotometer equipped with integration sphere using grazing angle transmittance or
reflectance apparatus (298 K), or using a homemade low-temp reflectance sample holder (77 K).
Samples were dispersed between two quartz plates.

Solution UV-Vis absorption spectra were recorded with an HP 8452A diode array
spectrophotometer using 10x10 mm quartz cuvettes.

Solution and Solid-state UV-Vis emission and excitation spectra were acquired either on a
Edinburgh Instruments FLS980 or a Horiba PTI QM-400, both equipped with Xe lamps and
single-single monochromators. Samples were either dissolved in an appropriate solvent in 10x10
mm quartz cuvettes, introduced in a glass capillary, or dispersed between quartz plates. The

spectra were corrected for instrument response.



Emission lifetime measurements were performed on the Edinburgh Instruments using a
microchannel plate PMT and nano-LED lasers (Aex = 395 nm; 15 mW; FWHM = 120 ns, or Aex =
443 nm; 15 mW; FWHM = 120 ns). Measurements were performed using the time-correlated
single-photon counting (TCSPC) method and data were treated by multi-exponential
deconvolution analysis. All values are +/- 10%.

Singlet oxygen phosphorescence measurements were performed on the Horiba PTI QM-400
using a Hamamatsu PMT R5509-43 near-infrared photomultiplier tube (PMT) as detector.
Samples were dispersed atop a quartz plate or borosilicate microscope slide and placed in an
“open-sandwich” configuration in the sample holder. The plate has held vertically, at an angle of
38° relative to excitation beam, which may be adjusted to optimize the signal. A 335-610 nm
bandpass filter (Thorlabs) was placed between the excitation monochromator and sample to filter
stray light. A 715 nm or 1200 nm longpass filter (Newport) was placed between the sample and
emission monochromator to filter harmonics and additional stray light capable of drowning out
the 'O, signal. A diagram of the setup is provided in Figure S15. The data acquisition consists in
an average of 5 to 20 scans with 1 to 2 s dwell time. The chromophore was excited in its most
intense absorption band, i.e. the Soret band. Several data acquisitions were conducted first in air,
followed by pure oxygen, then argon by purging the sample compartment. A rise and decrease of
the signal at 1275-1280 nm were observed going from air to pure oxygen to argon, thus
unambiguously demonstrating the presence of photosensitized singlet oxygen.

Singlet oxygen signal processing: Raw spectra were processed as little as possible to
minimize any artificial impact on the signal. For 1D Ladder, the oxygen and argon signal

baselines were sufficiently similar for a simple subtraction. For 3D Helix, the baselines from



each run were sufficiently offset from one another that a baseline correction was required.
Details are given following Figure S16.

Powder X-ray diffraction (PXRD) was performed on a Bruker APEX DUO X-ray
diffractometer. Samples were mixed with a small amount of paratone oil, cut to approx.
0.3x0.3x0.3 mm?® and mounted on a sample holder cooled to 173.2 K. six correlated runs per
samples with Phi Scan of 360 degrees and 270 s exposure time were collected with the Cu
micro-focus anode (1.54184 A) and CCD APEX II detector at a 150 mm distance. These runs
from -12 to -72 °20 and 6 to 36w were then treated and integrated with the XRW2 Eval Bruker
software to produce WAXD diffraction patterns from 2.5 to 82 °26. The patterns were treated
with Diffrac.Eva version 2.0 from Bruker.

Single-crystal X-ray diffraction (CXRD): The CXRD data of 3D Helix and 2D Grid are
placed in Tables S4 and S10, respectively, in the Supporting Information.

Fast kinetic emission decay (“Power-dependence”) measurements: The laser source was
the SHG of a Solstice (Spectra Physics) Ti-sapphire laser (Aex = 398 nm; FWHM = 75-100 ps;
0.1 mJ per pulse; rep rate = 1 kHz; spot size B500 mm). The IRF became of a HWHM of 8 ps
after passing through the optics. The detector was a Streak camera (Axis-TRS, Axis Photonique
Inc.) with typically less than 8 ps resolution. Samples were dispersed between two quartz plates
or introduced in a capillary. The results were globally analysed with Glotaran

(https://www.glotaran.org) allowing for the extraction of a sum of independent exponentials:

I(A,t) = Ci(M)exp(-t/t1) + C2(A)exp(-t/t2) + C3(N)exp(-t/t3) +...
Computations: All Density Functional Theory (DFT) and time-dependent (TD-DFT) were
performed with Gaussian 16°! at Université de Sherbrooke on the Mammouth supercomputer

supported by Calcul Québec. X-ray crystal structure of 3D Helix was used for the calculations.


https://www.glotaran.org/

The DFT (singlet single-point energy (SPE) and triplet optimization) and TD-DFT>*®!

calculations were carried out using the B3LYP method, using 6-31g(d,p) basis set for C, H, and
N atoms.®! VDZ (valence double ) with SBKJC effective core potential were used for all Zn
atoms.®>"%7 The calculated electronic absorption spectra were obtained using Gauss Sum 3.0.%
Phase analysis of Morph: The experimental PXRD pattern was blindly compared to the
simulated ones of all crystal structures of ZnTPyP in the literature. The simulated patterns were
then shortlisted, and different combinations were analyzed to account for as many major peaks of
the experimental pattern as possible, using as many major peaks of each simulated patterns as

possible. See Figures 13 and S11 for details.

Results and Discussion
Auto-assembling of ZnTPyP: ZnTPyP may crystallize in five metal-organic coordination

networks (Figure 1): 1D single zig-zag chain,®’° 1D double zig-zag chain,*’7? 1D ladder
chain (such as 1D Ladder),”%”*"7> 2D-grid (such as 2D Grid),’>’® or 3D hexagonal and porous

network (such as 3D Helix).5%7>77-8!

a d !
——-—-+-—-—-,

S

‘ !
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Figure 1: Known topologies of ZnTPyP MOCN:Ss: a) 1D single zig-zag chain; b) 1D double zig-
zag chain; c) 1D Ladder chain (such as 1D Ladder); d) 2D Grid (such as 2D Grid); ¢) 3D

hexagonal network (such as 3D Helix); ZnTPyP = ww—illll—w=.

Two of them, 1D ladder chain (1D Ladder, low-dimensionality and less porous) and hexagonal
network (3D Helix, high-dimensionality and more porous), were selected to compare the

properties of two dramatically different MOCNs.

3D Helix

The synthetic procedure used herein differs from the previous ones®®’77-8!

and involves two
steps: first, solvothermal synthesis in DMF, followed by a recrystallization from boiling DMSO,
which afforded crystals of suitable quality of X-ray structure analysis. The X-ray data revealed
the 3D-helix structure, which matched the previously reported structures (Figure 2).%-72778! The
difference is that DMSO molecules are found inside the pores of the networks and these
molecules were not removed in this investigation. Indeed, the IR spectra exhibit v(C-H), v(C=N)
and v(C=C) peaks expected for the ligand but also a strong v(S=0) and a broad v(O-H) bands at
~1000 and ~3400 cm™!, respectively, indicative of DMSO and water (Figure S3). The presence
of water is also corroborated by TGA where a weight loss is depicted in the vicinity of 100°C as
well as DMSO with a weight loss starting around 190°C (Figure 2). To confirm that the
powdery samples exhibit the same network phase as for the crystal, the powder XRD pattern was

compared to that calculated from the CXRD (Figure 2).

Thermogravimetric analysis: The two first weight losses (20-200 °C range) are attributed to
water and then DMSO evaporation. The third weight loss (300-600 °C) is attributed to the loss of

1 non-coordinating pyridine. The fourth weight loss (600+ °C) is also attributed to the loss of

11



another non-coordinating pyridine (Figure 2 and Table S2). Elemental analysis (CHN) also

corroborated the composition of the sample (Table S3).

X-ray structure: The crystal structure of the 3D Helix was confirmed by single crystal X-ray
diffraction (Figure 2) but differs from the literature as it contains 0.76 DMSO molecule per
ZnTPyP unit, which is found to be disordered in the lattice. The porosity of this structure has
been confirmed by BET analysis reported for a similar 3D Helix.?? It is noteworthy that brief

sonication of the solid sample (5 min) results in decomposition.
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Figure 2: Structure (left; solvent molecules and hydrogens have been omitted for clarity), TGA
traces (black) and 1* derivative (grey; top right), and comparison of simulated and experimental

PXRD patterns (bottom right) of 3D Helix.
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Absorption spectra and DFT calculations: Absorption spectra of ZnTPyP in solution® and

84,85

as thin films are reported in the literature, but to the best of our knowledge, not as a bulk

sample. Reflectance absorption spectra at 298 and 77 K are presented in Figure 3. Both Soret

and Q-bands appear broader than in thin films,3*%

and significant band splitting (4 bands and a
shoulder) is observed, most likely due to exciton coupling.®® This feature along with the
description of the frontier MOs are addressed by DFT calculations. The representation of the
frontier orbitals of 3D Helix is given in Figure 4. The key takeaway here is that these MOs are
quasi-degenerated and spread out over several units. These computational results support the
exciton splitting explanation of the experimental spectra. Further TDDFT computations indicate
that a total of 100 spin-allowed electronic transitions (So - Spn) within 127 nm of the lowest
energy transitions (Table 1, Table S5). These results concur with the large width of the
experimentally observed absorption bands. Furthermore, each So - S, transition is fed by several
individual orbital-to-orbital transitions of the appropriate energies, indicating that singlet excited
states are heavily mixed, which is also consistent with the presence of exciton coupling. This
coupling is likely to efficiently promote energy migration across the solid structure.

Emission spectra and lifetimes: Emission of the 3D-Helix consists in a broad fluorescence
double-band centered at roughly 700 nm, and a phosphorescence peak at 766 nm (Figure 3). The
breadth of these bands contrasts with those of isolated chromophores, further confirming the bulk
effect on electronic properties and exciton coupling. Conversely, the phosphorescence band is
much narrower and reminiscent of ZnTPyP in solution.?” This sharp signal indicates absence of

exciton coupling in the triplet state. This observation is corroborated by the HSOMO and

LSOMO profiles; each being highly localized on single porphyrin units (Figure 4).
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Figure 3: Left: Absorbance (black) and emission (red) spectra of 3D Helix at 298 K. Right:
emission decay (black), fit (red), IRF (blue) and residues (green) of 3D Helix at 298 K. Three-
component decay: 1= 0.41 ns (17%, B1= 0.0589); t2= 1.16 ns (19%, B>= 0.0227); 13= 3.25 ns

(64%, Bs= 0.0278). All values +/- 10%. Spectra and decay measured at 77 K are provided in

Figure S4.
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Figure 4: The frontier MOs of 3D Helix. (H = HOMO, L = LUMO, LSOMO = low single-

occupied MO, HSOMO = high single-occupied MO). Energies are in eV.

The solid-state emission decays are triphasic with one component in the low ps range and two
others in the low ns range (Figure 3, Table 2). In dilute conditions (DMSO) at room temperature,
Triwo 1S found to be ~1.6 ns (TCSPC), while the triplet state does not seem accessible, and no
phosphorescence band is observed, though triplet lifetime has been reported using laser induced
optoacoustic spectroscopy (~500 ns, very dilute in CHCl; at 298 K).** Based on this, it is
possible to assign the two faster components, 0.41 (minor) and ~1.2 ns (major), to fluorescence
and the slower component (~3.2 ns) to phosphorescence. This latter component is much shorter

than 500 ns suggesting that the solid-state packing influences significantly the triplet state
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dynamic. The presence of two components for the fluorescence decay indicates the presence of

two emissive sites, presumably surface and bulk portions of the microcrystals.

Table 1: Calculated positions, oscillator strengths (f) and major contributions of the first 5

electronic transitions in 3D Helix (first 100 transitions in Table S5).

# | A(nm) f Major contributions (%) (7% and over)

1| 5583 | 0.0653 H-3—L+5 (11), HOMO—LUMO (10), H-1—>L+2 (9), H-5—L+3 (7)

2| 5583 | 0.0656 H-4—L+5 (11), HOMO—L+1 (10), H-2—L+2 (9), H-5—L+4 (7)
3| 5583 | 0.0009 H-1-L+5 (11), H-3—L+2 (9), HOMO—L+3 (9), H-5—LUMO (8)
4 5582 | 0.0009 H-2—-L+5 (11), H-4—L+2 (9), HOMO—L+4 (9), H-5—L+1 (8)

H-5—L+5 (11), H2—L+1 (10), H-1->LUMO (9), HOMO—L+2 (9), H-

Table 2: Fluorescence lifetimes of ZnTPyP Monomer, 3D Helix, 1D Ladder, and Morph.

Te (n8)* (£ (%))"°
Structure Component 1 Component 2 Component 3 x
(fluorescence) (fluorescence) (phosphorescence)

Mononzlgg (I?MSO) i 159 (100) i 1.03
3D Helix, 298 K 0.41 (17.0) 1.17 (18.9) 3.25 (64.1) 0.99
3D Helix, 77 K 0.45 (6.0) 1.34 (18.7) 3.29 (75.3) 1.03
1D Ladder, 298 K 0.36 (48.9) 0.79 (51.1) - 1.00
1D Ladder, 77 K 0.65 (41.2) 1.78 (58.8) - 1.10
Morph, 298 K 0.02 (28.3)° 0.56 (71.7) - 1.02

@ TCSPC. Uncertainties are = 10% on all measurements. ° f; (%) = (Biti)/2(Biti); Ie = By exp(-
t/t1) + B2 exp(-t/t2) + ...° The full-width at half maximum (FWHM) of the nanodiode laser is
~120 ps. Any value smaller than 120 ps (0.12 ns) should not be considered precise.
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Singlet-singlet annihilation: The fluorescence intensity of 3D-Helix expectedly increases with

the excitation flux. This increase is not linearly respective to the power, but rather is linear to the

square-root of excitation power, (Power)"? (Figure 5a). This behavior is due to singlet-singlet

annihilation (S; + S1 — S, + So + heat; then S, ~~> Si (+ heat) — So + hv), as two absorbed

photons yield less than two emitted photons due to a partial loss of energy (heat). Both singlet

emission lifetimes, t1 and 712, decrease as a function of the excitation flux (power or (power

Figure 5b), which is fully consistent with excited state quenching (S1 + S; — S, + So).
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Figure 5: Power-dependence measurements on 3D Helix at 298 K. a: graph reporting emission

intensity as a function of (Power)”. b: change in emission lifetimes as a function of (Power)”. ¢:

17



deactivation rates of the two emission decays vs (Power)”. d: ratio of Ai/Az as a function of

(Power)”. The 77K data is presented in Figures S5 and S6.

The quenching rates (kq’s) are evaluated by kq = ((1/te) — (1/1.°)) where 1. and 1c° are the
emission lifetime in the presence and absence of quenching, respectively. The t¢° values are those
measured by TCSPC where a light source is of minimal power. These rates plotted against

)2 increase in a linear fashion (Figure 5c¢), which is consistent with the increasing

(Power
number of excitons in the bulk. However, a drastic change in increase of rates vs (Power)'’? is
noted at ~10 nJ"? for both components where the rates do not increase as fast at higher excitation
flux. This behavior is associated with saturation in a process leaving the other process to operate
alone (somewhat like a bottleneck effect). This feature becomes evident when observing the pre-
exponential factors for each component (A; for t1, and A> for 12). The Ai/A> ratio decreases
gradually with (Power)"? (Figure 5d) meaning that component 1 becomes less operative relative
to component 2. The behavior changes at ~ 10 nJ'’> where the A1/A; ratio decreases linearly with

(Power)!?

. The phosphorescence component was not investigated since the 3 ns component falls
outside the detection range of the instrument.

In order to provide an interpretation to the results, the data was analyzed in terms of the Forster
theory of energy transfer. The exciton migration from one chromophore to the next in the bulk
proceeds through energy transfer (Si + So <> So + S1) and straight-line directions are generally
the paths that are the most efficient for energy delocalization. Two examples of paths (blue and red
arrows) are shown in Figure 6. These paths may or may not include the -pyridine-Zn-pyridine-
Zn-linkage-, which correspond to “through bond” (red path) and “through space” (blue path)

processes, respectively. A total of three paths were clearly identified based on the 3D-crystal

structure (Figure 7).

18



Figure 6: Hexagonal structure of 3D Helix with linear (ZnTPyP), patterns: (a) Visualization of a
hexagonal (ZnTPyP)s unit with a ring. (b)-(d) Three different perspectives showing the stacking
of the hexagonal units where the blue arrows show a possible pathway for exciton migration
(path C, through space). (e)-(g) Another possible path for migration (red rectangle or arrow; path

A, through coordination bonds).
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Figure 7: Three possible paths for exciton migration in 3D Helix. A) (green): through N-Zn-N
coordination bonds; B) (orange) and C) (purple): through space and their respective k*/r% (x107

A-6) parameters.

Assigning paths to quenching processes: Quenching occurs when two excitons meet and
these excitons migrate at various speeds according to their paths, and thus as a function of the
relative geometry and distance of the two interacting chromophores according to the Forster

88,89

theory of energy transfer,”> in this case: S1 + So <> So + S1. The rate of singlet energy transfer

is given by using eq (1):%%?

(1)

®po(D)k? (9000(In 10)\ [ Fp(A)ea(M)A*da
kgr = ( )

Tpor®  \128m5n%Ny [ Fp(A)da

Where ®°r(D) and 1°r(D) are respectively the fluorescence quantum yield and lifetime of the
donor (D) in the absence of energy transfer (i.e. unimolecular radiative rate constant, kr°= ®°
/t°F), x* is the orientation factor between donor and acceptor (as described by eqgs (2) and (3)
below), ° is the center-to-center distance between the donor and acceptor, n is the refractive
index, Na is the Avogadro’s number, Fp is the normalized fluorescence intensity of the donor,

and ea is the molar extinction coefficient of the acceptor. The orientation factor k* is calculated

by the following eqgs:
k(v) = cos@ — (3 cosfpcosby) (2)
2 (k)| +]|x(v+ 7T/2)|)2
K2 = y ©

Where ¢ is the dihedral angle between the planes of the donor and acceptor and 6p and 04 are
the angles made by the transition moments of porphyrin (i.e. along the N-Zn-N axes) relative to
the center-to-center axis (Zn'Zn). Note that eq 3 is needed because of the degenerated nature of

the transition moments as the point group of ZnTPyP is Dan. The only variables in the context of
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this study are x? and 1° (all other are characteristic of ZnTPyP and can be approximated as
unchanging), so that kgr is directly proportional to the ratio x*/ 1. Consequently, this ratio is

sufficient to qualitatively assign paths to quenching rates. r°

is evaluated by measuring the
ZnZn distances between two adjacent porphyrins in the crystal (Figure 7). The angles are also
extracted from the crystal data. The two N-Zn-N axes are considered in equation (3) with k(v)
and k(v+ m/2) which represent them and their 90° offset relative to each-other. Two porphyrins
with two possible Op and 64 means four possible k values, which implies that each combination
must be calculated and averaged for a final orientation factor x* (Table 3). The individual «
values are placed in Figure 7 and Table S6. These averaged «*/r® values can be separated into
two categories: small (1.92 x 10 A®) and large (2.74 x107 and 4.19 x107 A6) respectively
leading to a slow and fast kgr, the two large values being in the same order of magnitude. It
becomes apparent that path A (through bond) is associated with a slow rate (R(t1)) while paths B
and C (through space) are experimentally indistinguishable and are associated with a fast rate
(R(12)) of singlet-singlet annihilation (Figure 5c¢). At 77 K, the same trend is observed with a

small difference: the saturation point occurs near 8 nJ*. In all, 3D Helix provided clear evidence

for exciton energy migration across the crystal.

Table 3: Calculated FRET factors for 3D Helix exciton migration paths.?

Path® Averaged «* r (A)° /1% (AS) Averaged 1*/1® (A6)
A 0.02 10.05/1.03 x10° 1.92 x10®
B 0.60 11.40/2.19 x10° 2.74 x107
C 0.28 9.35/6.64 x10° 4.19 x107

 Distances and angles were extracted from the respective CIF files using the Mercury software

package from the Cambridge Crystallographic Data Center (CCDC). ® These paths refers to
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Figure 7.° r is the ZnZn distance between one porphyrin and the next in the path. Details are

provided in Table S6.

1D Ladder
1D Ladder was determined to have the formula ([(ZnTPyP)*DMF],). The synthetic procedure

described in the Experimental Section represents a significant improvement compared to the
ones previously reported (a fast biphasic synthesis’ or a slow monophasic® one). Its
characterization of the resulting powder is shown in Figure 8 (TGA, PXRD), Figure S7 (IR),
Table S7 (TGA) and elemental analysis (Table S8). The experimental PXRD pattern matches

that of the simulated one extracted for the single crystal data structure (Figure 8).
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Figure 8: Left: structure of 1D Ladder (Solvent molecules and hydrogens have been omitted for
clarity). Top right: TGA trace (black) and its first derivative (grey). Bottom right: comparison of
the simulated and experimental PXRD patterns of 1D Ladder demonstrating the presence of a

pure phase.

Thermogravimetric analysis: The first two weight losses in the 150-200°C range are attributed
to water and DMF evaporation (or decomposition). The third and rapid weight loss is attributed
to the loss of 1 pyridine. The fourth weight loss is also attributed to the loss of another pyridine.
The slow rate of weight losses may be attributed to temperature-induced morphological changes
hindering vaporization, as well as slow pyrolysis of the remaining structure. This proposal is
based on the existence of many reported X-ray structures for ZnTPyP-based MOCNSs in Figure

1, and the new structure described below.
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Figure 9: Left: absorbance and fluorescence spectra of 1D Ladder at 298 K. Right: fluorescence
decay (black), fit (red), IRF (blue) and residual (green) of 1D Ladder at 298 K. Two-component
decay: t1=0.37 ns (49%, B1=0.0031); 1= 0.79 ns (51%, B>=0.0015). All values are +/- 10%. 77

K measurements are presented in Figure S8.
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Absorption and fluorescence spectra and lifetime: The absorption and emission spectra of
1D Ladder exhibit significantly different signatures from those of 3D Helix (Figure 9). The Q-
band region exhibits three bands (instead 4 bands and a shoulder) suggesting that exciton
coupling is less apparent. This difference in band-shape is also depicted in the fluorescence
spectra, and in the emission decay. Note that at 77 K, the spectra become more resolved (SI).
The decay is also described by a double exponential (te = 0.36 and 0.79 ns; both components are
assigned to fluorescence) at 298 K, which differ from the triphasic decay of 3D Helix, which
also include an additional phosphorescence component.

Singlet-singlet annihilation: As the flux of photons increases, the fluorescence increases
linearly with excitation power (Figure 10 (left) and Figure S9). A graph reporting the non-linear
relationship of the fluorescence intensity with (Power)” is presented in Figure S9. This behavior
indicates absence of singlet-singlet annihilation in 1D Ladder. This fact is corroborated the
absence of quenching detected by the absence of change of the fluorescence lifetime with the
excitation power (Figure 10 (right)). To explain the absence or inefficiency of exciton energy
migration, the six possible intrachain paths were examined (Figure 11) and the %, 1% and «*/r°

parameters have been summarized in Table 4 (detailed analysis in Table S9).
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Figure 10: Power-dependence of the fluorescence intensity and lifetimes of 1D Ladder at 298

K. a: emission intensity as a function of power. b: emission lifetimes remain relatively constant

as a function of power. ¢: deactivation rates of emission decays vs power. d: pre-exponential

factors Aj as a function of power. Behaviors presented here do not change at 77 K (Figures S9

and S10). Note the presence of the very short-lived component (< 100 ps) undetected by the

TCSPC system as FWHM of the excitation pulse is 120 ps.
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Figure 11: All 6 possible exciton migration paths in 1D Ladder and their respective averaged
/1% (x10°® A®) parameters; through bond: A (pink) and B (purple); through space: C (green), D

(blue), E (orange), F (yellow). Zn-Zn distances are 9.99, 10.20, 15.32, 14.26, 12.92 and 13.79 A.

Table 4: Calculated FRET factors for 1D Ladder exciton migration paths.?

Path Averaged «* r (A)°/1° (A% Averaged 1*/1® (A%)
A 0.0015 9.996 /9.98 x10° 0.15x 10®
B 0.0163 10.201/1.13 x10° 1.44x 1078
C 0.0674 15.322/1.27 x107 0.51x 1038
D 0.2610 14.256 / 8.39 x10° 3.11x 108
E 0.2361 12.924 / 4.66 x10° 5.07x 10
F 0.0339 13.795 / 6.89 x10° 0.49x 10®

 Distances and angles were taken from the CIF file using the Mercury software package from
the Cambridge Crystallographic Data Center (CCDC). ° r is the Zn'Zn distance between one
porphyrin and the next in the path.

For 3D Helix, the linear through bond path A has an averaged */° of 1.92 x10® A and is

considered the slow path. This situation indicates any %1% < 1.92 x10® A® would lead to even
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slower exciton migration. The corresponding linear path for the 1D Ladder proceeds as (path A
+ path B), with two distinct averaged %% ratios: 0.15 x10® and 1.44 x10® A, both being
smaller than that for 3D Helix’s 1.92 x10® A, Because quenching cannot occur faster than the
determining step (i.e. the slower 0.15 x10® A*), then the rate of exciton energy migration along
the (path A + path B), in 1D Ladder is structurally slower than the of corresponding path A in
3D Helix (averaged x*/r° ratio of 1.92 x10°® A*) by at least an order of magnitude. Singlet-singlet
annihilation appears quite difficult in this case and would explain the lack of symptoms of this
phenomenon in 1D Ladder. Concurrently, two through space paths can also be considered (path
C + path F), and (path D + path E),. While the former path is hampered by smaller averaged «*/r°
ratios the second pattern exhibits favorable ones (i.e. > 1.92 x10® A%). However, both paths
suffer from an unfavorable zig-zagging geometry for energy delocalization, the linear geometry
being far more favored in Forster’s theory.”* ¢

Considering now only linear paths in the 3 directions of the crystal indicated by the broken
lines in Figure 11, the interchain ZnZn distances range from 16 to 20 A. Such distances are
much longer than for the intrachain ones (~10.0 to 15.3 A; Table 4). Because of the 1/°
relationship with the rate of energy transfer, i.e. 1/r® o kgr, interchain exciton energy migrations
are predicted to be extremely slow (essentially negligible). In all, 1D Ladder shows no evidence
of singlet-singlet annihilation (i.e. no significant exciton energy migration), dictated by the
structure of 1D ladder, Forster’s theory explaining the relative inefficiency of the exciton

migration.
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2D Grid and Morph
During this investigation a new structure of ZnTPyP (2D Grid = [ZnTPyP-4CHCl3],) was

crystallized and identified (Figure 12 and Table S10). Its structure is a 2D array, which differs
from that illustrated in Figure 1d.>>?** The key feature is the dislocation of the pyridine-Zn
coordination. The N-Zn separation in 2D Grid is 2.447(15) A, while the coordination bond in 3D
Helix is 2.358 (7) A. Concurrently, the angle formed by the pyridine plane and the N-Zn axis are
153.15 (8)° and 171.26 (15)°, for 2D Grid and 3D Helix, respectively. However, the crystals are
unstable due to evaporation of the chloroform molecules, thus triggering a change in the network
structure (Figure S11). In fact, this phase transformation led to a mixture of MOCNSs, labelled
Morph. Because of this instability, the photophysical properties were not assessed. After
complete evolution of 2D Grid, the resulting PXRD pattern of Morph was examined in an
attempt to identify the new phases (Figure 13). The best combination where most scatterings are
explained turned to be the 3D Helix and two of the ID-MOCNSs listed in Figure 1. This outcome
is not statistically surprising since 7 variations of the 3D Helix structure (excluding this one
herein),*’>7781 and 9 structures of various 1D-coordination polymers (1D single zig-zag,%*’° 1D
double zig-zag®’!7? and 1D ladder’®”*”> motifs) are known, compared to the 2D grids (2

structures),’>7°

reported so far.. The relative amount of each phase is unknown.

The photophysical study with regards to exciton energy migration in 3D Helix and 1D Ladder
indicated that the 3D structure is prone to efficient migration across the bulk whereas 1D Ladder
was not, stressing the fact that a zig-zag pattern was not favorable for such a process. In the

mixture Morph, only the 3D Helix phase is predicted to perform exciton migration and singlet-

singlet annihilation. However, this phase is diluted and this effect should be diminished.
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Figure 12: Elucidated structure of 2D Grid. Note the unusual axial coordination angles (bottom)
which make an overall “parallelogram”-type grid, contrasting with other “square”-type grids
previously reported.”>’® These angles certainly contribute to the low observed stability of the

structure. Solvent molecules and hydrogen atoms have been omitted for clarity.
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Figure 13: Comparison of the experimental PXRD pattern of Morph with simulated patterns of
a 3D Helix (YOVTIM),®! and two 1D ladder-type structures (BABCEN®? and BURJII). The

three identifiers are of the Cambridge Crystallographic Data Center (CCDC).

The photophysical data is presented in Figures S12-S14, and a brief account of the
observations is provided: The mixture is weakly emissive, with two fluorescence lifetimes
detected by TCSPC (~560 and ~20 ps) and four components using a Streak camera on a fs laser
system (440, 104, 23 and 6 ps). The presence of several components is consistent with the
multiphasic nature of the mixture. Concurrently at both 77 and 298K, the total fluorescence
intensity increases linearly with the excitation power at low photon flux but the graph curves
somewhat at high flux. Concurrently, the graph reporting the total fluorescence intensity versus
(Power)” is not linear at low power but becomes linear at high excitation power. The behaviour
is consistent with absence of singlet-singlet annihilation due to the presence of a portion of 1D-
coordination species and consequently exciton energy migration, but at high flux the small

contribution of a diluted 3D Helix phase becomes more apparent. All in all, these measurements
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performed on a mixture reinforce the conclusion that exciton energy migration in 3D Helix

network is more efficient than in 1D Ladder.

Photosensitization of singlet oxygen
The ability of porphyrin and metalloporphyrin networks to photosensitize singlet oxygen (‘02) is

well known, and various heterogeneous photocatalytic applications in photodynamic therapy,
antibacterial processes, eradication of pollutants and toxins in water, and in organic synthesis
have emerged in recent years.'®2! The photosensitizing ability is bound to depend on the
efficiency of excitation energy delocalization across the bulk. The powders were pressed onto a
glass plate and were excited in the Soret band at 444 nm (details in Figure S15). To confirm the
nature of !0, phosphorescence, the measurements were performed in air, argon, and pure oxygen
atmospheres (raw spectra in Figure S16, and after corrections in Figure 14). Indeed, 'O
phosphorescence is observed at 1280 nm, which compares favorably to the signal often observed
in solution (1275 nm).””%® The slight shift in peak intensity wavelengths can be rationalized by
extending the influence a solvent can have on the exact position of a band maximum to the
gaseous environment.”'%" The maximal 'O, signal is reached when an atmosphere of pure
oxygen is used. The key takeaway is that, qualitatively, the signal intensity is larger for 3D Helix
(~6000 cps) compared to 1D Ladder (~600 cps) and the signal from 1D Ladder is significantly
noisier than that from 3D Helix. In brief, 3D Helix photosensitizes more 'O than that of 1D
Ladder, which in absence of exciton migration, ends up wasting more energy through non-

radiative deactivation processes.

31



6000 | 3D Helix 800} 1D Ladder
- hey= 444 nm Ox-Ar - hey = 445 nm
% 5000 [ Solid-gas interface 5 Solid-gas interface
c Corrected signal C 600 Corrected signal
2 4000} 2
c c Ox-Ar
o Ox-Ar Smooth
E 3000 L :qc_'J 400 | X=-Ar omoo
3} O
® 2000} ®
S S 200}
O 1000 o 200

OF ol
1240 1260 1280 1300 1320 1240 1260 1280 1300 1320
Wavelength (nm) Wavelength (nm)

Figure 14: Phosphorescence of 'O at the solid-gas interface of 3D Helix (left, peak centered at
~1265 nm is an artifact) and 1D Ladder (right). The signals are baseline corrected, and argon

signal has been subtracted from the pure oxygen signal. Raw signals in Figure S16.

Conclusion

This investigation stressed on the structure-property relationship of two different auto-
assembled MOCNSs; a 3D network and a 1D coordination polymer using the same ligand
ZnTPyP. These properties were excitation energy migration through singlet-singlet annihilation
processes and photosensitization of '0,. The results indicated clearly that the 3D network was
more prone to exciton migration and consequently was also more prone to generate 'O, when
compared to the 1D coordination polymer, where no efficient exciton migration occurred. This
demonstration of a direct link between excitation migration and photosensitization of 'O, is to
the best of our knowledge, unprecedented. These findings hold a tremendous potential,
particularly in fields involving reactive oxygen species (ROS) such as those enumerated
above.!8?! First, the design of such photocatalysts would benefit from more widespread use of 3D

structures, while 2D-, 1D-, and OD species would probably be better suited for other uses.
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Moreover, attention should be focused on providing linear paths and desirable structural
parameters (i.e. k*/r%). The photosensitization of 'O, at the solid-gas interface has not been
widely studied in the scientific literature, but it is a key process to unlock access to 'O from the

most abundant source that is the atmosphere, for such applications as sanitary bandages!?%!%3

or
food packaging.!*1% It is also interesting to note that a simple measurement of 'O,

phosphorescence intensity at the solid-gas interface allows a rapid, direct and reliable

comparison of entire families of widely varied photosensitizers.
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