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/x0x X We present synthesis and photophysical characterization of a water stable PCN-223(freebase) metal organic framework

www.rsc.org/ (MOF) constructed from meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP). Photophysical properties of the synthesized
crystalline material were studied by using a wide range of steady-state and time-resolved spectroscopic techniques.
Quenching experiments performed on TCPP and PCN-223 demonstrated that the extent and the rate of quenching in MOF
is significantly higher than monomeric ligand. Based on these results, we propose that upon photo-excitation, the singlet
excitation energy migrates across neutral TCPP linkers until it is quenched by a N-protonated TCPP linker. The N-protonated
linkers act as trap states that deactivate the excited state to the ground state. Variable temperature measurements aided
in understanding the mechanism of singlet-singlet energy transfer in PCN-223 MOF. The rate of energy transfer and the total
exciton hopping distance in PCN-223 were calculated to quantify the energy transfer characteristics of PCN-223. Nanosecond
transient absorption spectroscopy was used to study the triplet excited state photophysics in both free ligand and PCN-223
MOF. Furthermore, femtosecond transient absorption spectroscopy was employed to get a better understanding of the
photophysical processes taking place in ligand and MOF on ultrafast timescales. Efficient energy transfer (Forster radius =
54.5 A) accompanied with long distance exciton hopping (173 A) was obtained for PCN-223 MOF.

porphyrin-based architectures that are conducive for energy
transfer. Before examining the role of MOF structure in EET, it
is necessary to first understand the mechanistic aspects of EET
and the factors that determine the efficiency of EET in
porphyrin-based MOFs. To address these issues, we probed the
energy transfer characteristics of PCN-223(fb), a Zr-MOF based
on meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP).

Introduction

One of the most important components of artificial
photosynthesis assemblies are the antennae, which collect solar
energy and direct it towards the reaction centers. A multi-
chromophoric array with energy cascade can direct sequential
photoexcited energy flow and perform the function of light
harvesting antenna assemblies.! Multiporphyrin arrays been
studied extensively with the aim of constructing antenna
assemblies that mimic natural photosynthetic systems in terms
of the efficiency of excitation energy transfer (EET). Subtle
changes parameters, such as connectivity,
distance, and orientation between porphyrin units in the array
strong implications on the nature of
interchromophoric interactions, and the rates and efficiencies
of EET.2 Highlighted by highly-ordered crystal structures and
synthetic tunability via crystal engineering, metal organic
frameworks (MOFs) allow for precise control of distances and
angles between chromophores and their alignment by judicious

in structural

can have

Figure 1. View of PCN-223(fb) along the c axis with uniform

choice of ligands and metal nodes.3~¢ Porphyrin based MOFs are
therefore ideal candidates to study EET as a function of
structural parameters. Such studies will aid in the design of
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triangular 1D channels

Zr-TCPP MOFs have been studied extensively due to their
exceptional chemical stability under harsh experimental
conditions and their ability to exhibit a variety of functionalities
like catalysis, light harvesting, gas-storage and sensing.*7-12
PCN-223, in particular, has a very unique structure (Fig. 1).1° It
consists of unprecedented Dg, symmetric [Zrg04(OH)4]*%* nodes
connected to 12 TCPP linkers, representing the first (4,12)-
connected MOF with the “shp” topology. The closely-packed
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structure of PCN-223 supports a high density of chromophores
that can simultaneously absorb light and participate in the
energy transfer process. The closest distance between two
porphyrin struts is 10.71 A (see supporting information, Fig. S7).
PCN-223 also manifests a small porphyrin-porphyrin torsional
angle (~55°) that facilitates interchromophoric electronic
coupling between TCPP units.!3 Based on these merits, PCN-223
qualifies to serve as a model system to explore EET mechanism
in porphyrin-based MOFs.

Herein, we present synthesis, structural, and photophysical
characterization of PCN-223 MOF constructed from free base
TCPP ligand. The effects of pH and temperature on the excited
state properties of PCN-223(fb) were investigated and
compared with those of ligand. The variable temperature
measurements revealed the incoherent nature of excitation
energy transfer (EET) in PCN-223. The excitation energy transfer
was investigated by studying the pH dependence of
photoluminescence (PL) quenching. The study revealed the
presence of static quenching both in ligand and in MOF.
Additionally, the study revealed that the PL quenching was
greatly enhanced in MOF as compared to free ligand, and the
efficiency of quenching increased from 51% in ligand to 93% in
MOF. Forster energy transfer model was used to estimate the
rate of exciton hopping (knop) and the exciton hopping time in
PCN-223. Nanosecond transient absorption spectroscopy was
used to characterize the nature of non-emissive triplet state.
The study revealed the presence of a long-lived triplet state
extending beyond 200 ps and having the signature
characteristic feature of a TCPP based triplet state.
Femtosecond transient absorption spectroscopy was employed
to characterize the ultrafast processes taking place in TCPP and
PCN-223. Kinetic analysis of the ultrafast data of TCPP and PCN-
223 revealed the presence of three distinct time components
that correspond to: (a) solvent-induced vibrational
reorganization of excitation energy, (b) vibrational cooling, and
(c) fluorescence. Our study revealed the presence of efficient
excitation energy transfer and long-distance exciton hopping
(100 A (1D), 141 A (2D), and 173 A (3D)) in PCN-223 MOF.

Experimental section

Materials: Meso-tetracarboxyphenylporphyrin  (>97%) was
purchased from Frontier Scientific and was used without further
purification. Zirconium chloride (anhydrous, 299.5%) was
purchased from Sigma-Aldrich. Dimethylformamide (DMF,
spectrophotometric grade, 299.9%) was purchased from Fisher
chemical. Propionic acid (PA, 99%). were purchased from Alfa
Aesar.

Synthesis of PCN-223(fb): 10 mg of H,TCPP (1.3x10>moles) and
7 mg of ZrCl, (3x10> moles) were added to 10ml DMF and
ultrasonically dissolved in a 6-dram vial. 2 ml propionic acid was
added to the vial and the vial was sonicated for 15 minutes to
get a homogeneous reaction mixture. The vial was placed in an
oven set at 120 °C for 16 hours. After allowing them to cool
down to room temperature, the resultant MOF powder was
collected by centrifugation. It was washed 3 times with DMF
and then soaked in ethanol for 3 days with fresh ethanol
replacement every day. The MOFs were dried at room
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temperature and then activated by heating at 100 °C under
vacuum.

Powder X-ray diffraction and Scanning electron microscopy
(PXRD): A 600 W Rigaku MiniFlex powder diffractometer with a
CuKa (0.15418 nm) radiation source was used, with a sweeping
range of 2-25° in continuous scanning mode. PXRD traces were
collected in 0.05° increments at a scanning rate of 0.2°/min.
Scanning electron microscopy (SEM): SEM samples were
prepared by suspending MOF powders in ethanol with
sonication. The resulting suspensions were drop-casted on
precut glass slides. After drying, the glass slides were mounted
on SEM sample pegs with the help of double-sided copper tape.
The sides of the glass slides and the platform of sample peg
were coated with conductive carbon paint purchased from
Electron Microscopy Sciences. A LEO (Zeiss) 1550 field-emission
scanning electron microscope, equipped with an in-lens
detector, operating at 5.0 kV was used to obtain high-resolution
images of the MOF particles.

Thermogravimetric Analysis (TGA): A Q-series
thermogravimetric analyzer from TA Instruments was used to
assess the thermal stability of MOFs. Samples weighing ~3-5 mg
were placed on a platinum pan and heated under air at a rate
of 5 °C/min over the temperature range of 25-800 °C.

Gas Sorption Isotherms: The N, adsorption measurements
were conducted using a Micromeritics 3Flex instrument. A 6
mm large bulb sample cell was used to hold the samples and
was degassed under vacuum at a temperature of 100 °C for 24
h. The surface area of the MOFs was determined from the N,
adsorption isotherms at 77 K by fitting the adsorption data
within the 0.05-0.3 P/P, pressure range to the BET equation.
Diffuse absorption spectroscopy: The diffuse absorption
spectra of TCPP and PCN-223(fb) were obtained using an Agilent
Technologies 8453 UV-Vis diode array spectrophotometer (1
nm resolution) where the sample compartment was replaced
with an integration sphere. The powder samples were diluted
by mixing with BaSO,.

Steady-state emission spectroscopy and time-resolved
emission lifetimes: The steady-state emission spectra were
obtained using a QuantaMaster Model QM-200-4E emission
spectrophotometer from Photon Technology, Inc. (PTI). The
excitation light source was a 75 W Xe arc lamp (Newport). The
detector was a thermoelectrically cooled Hamamatsu 1527
photomultiplier tube (PMT). Emission traces were analyzed
using Origin 9.0. Time-resolved fluorescence lifetimes were
obtained via the time-correlated single photon counting
technique (TCSPC) with the same QuantaMaster Model QM-
200-4E emission spectrophotometer from Photon Technology,
Inc. (PTI) equipped with a 415 nm LED and a Becker & Hickl
GmbH PMH-100 PMT detector with time resolution of < 220 ps
FWHM. Florescence lifetime decays were analyzed with the
help of Origin 9.0.

Nanosecond transient absorption spectroscopy:

Transient absorption difference spectra and kinetic traces were
collected with LP 980 laser flash photolysis system (Edinburgh
Instruments) equipped with a PMT detector (R928S,
Hamamatsu). The excitation source was 532 nm Nd:YAG laser
(Spectra-Physics-Quanta-Ray Lab) operating at 1 Hz. The laser

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12



Page 3 of 12

system was also equipped with an image intensified CCD (ICCD)
camera detector. Triplet lifetime decays were analyzed with the
help of Origin 9.0.

Femtosecond transient absorption spectroscopy:
Time-resolved transient absorption measurements were
performed at the Imaging and Kinetic Spectroscopy (IMAKS)
Laboratory, Department of Chemistry, NCSU (North Carolina
State University). A mode-locked Ti:sapphire laser (Coherent
Libra, 800 nm, 1 kHz repetition rate, 100 fs, 4 mJ/pulse) was
used as the main light source. The output from the laser was
splitinto the pump beam and probe beam. The pump beam was
directed into the parametric amplifier (Coherent OPerA Solo) to
generate the 400nm excitation. The probe beam was delayed in
a 6ns optical delay stage and then focused into a CaF, crystal for
white light continuum generation between 340 nm and 750 nm.
The pump beam was then focused on the sample (into an 800
um spot) and overlapped with the probe beam (~200 um). The
relative polarizations of the pump beam and the probe beam
were set at the magic angle of 54.7°. The ground state
absorption spectra of the samples were measured before and
after the measurements to ensure that there is no degradation.
Transient kinetics were analyzed using the fitting routines
available in Origin 9.0.

Results and Discussion

Synthesis of PCN-223(fb) was achieved by following a procedure
that gives highly crystalline, phase-pure powder. Briefly, 3x10-
moles of ZrCl, and 1.3x10° moles of TCPP were dissolved in 10
mL DMF along with 2.5x102 moles of propionic acid as the
modulator. The mixture was sonicated for 15 minutes then the
vial was placed in an oven and heated at 120 oC for 16 h. PCN-
223(fb) MOF powders were characterized by PXRD (Fig. 2a) and
SEM (Fig. 2b). Comparison of the PXRD pattern obtained from
synthesis to the simulated pattern from single crystal XRD data
indicated high phase purity. SEM image shows small bean-
shaped particles that are characteristic of PCN-223 MOF. All
MOF particles are morphologically identical, which further
verifies the phase purity. In addition, thermal stability and
surface area of as-prepared PCN-223(fb) were studied with the
help of thermogravimetric analysis and N, adsorption isotherm.
The BET surface area of the MOF obtained from the gas
adsorption data agrees well with literature (see supporting
information, Fig. S1 and S2).10

(a)

PCN-223 (experimental)

Intensity (arb. units)

PCN-223 (simulated)

5 10 15 20 25
26 (%)
Figure 2. (a) PXRD characterization of PCN-223(fb) (b) SEM
image of PCN-223(fb)
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To examine how the ground and excited-state properties of
TCPP are affected upon coordination into the MOF structure,
the absorption spectra of TCPP and PCN-223(fb) were
compared (Fig. 3). The electronic absorption spectrum of TCPP
consists of two distinct regions. The first involves the transition
from the ground state to the second excited state (So — S,) and
the corresponding band is called the Soret or B band. The
second region consists of a weak transition to the first excited
state (So — S;) in the range of 500-750 nm (the Q bands). PCN-
223(fb) displays an absorption spectrum similar to that of TCPP
with a sharp Soret band and four Q bands. The Soret band of
PCN-223 is blue shifted by 13 nm relative to the ligand, which is
attributed to structural changes that TCPP undergoes as it is
incorporated in the MOF. Twisting of phenyl rings and changes
in the macrocyclic ring planarity of TCPP may be responsible for
increasing the electronic transition energy-gap (So-S,), which
causes the blue shift. The peak positions and the peak
intensities of Q bands of PCN-223 match those of TCPP (see
supporting information, Table 1), suggesting that the energy
gap between ground state and first excited state of TCPP is
relatively unaffected upon incorporation in MOF.

s S8 = =
a8 & »® ©o
1

Normalized Intensity

=
ta

0.0 T T T T
300 400 500 600 700
Wavelength (nm)
Figure 3. Diffuse absorption spectra of TCPP (black) and PCN-
223(fb) (red)

800

The acid-base properties of porphyrins in aqueous solutions
provide important their reactivity,
aromaticity, mechanisms and
stereochemistry.1416 The central macrocycle of porphyrins

information about

tautomerization

exhibits an amphoteric behavior and can exist in either neutral
(free-base), N-protonated, or deprotonated form (Fig. 4).
Mono-protonation of the free-base form induces nonplanar
distortions in the porphyrin structure, which makes the second
protonation more favorable.”.18 The first protonation step is
immediately followed by the second step, producing the
porphyrin dication, while the monoprotonated species is
present in very small amounts at any given time. To determine
the pK, values corresponding to the successive protonation
steps, TCPP solution (10® M) and MOF suspension in water
were titrated against 0.01 M NaOH solution (see supporting
information, Fig. S3 and S4). The pK, values are reported in
Fig.4.

Varying solution pH can shift the protonation-deprotonation
equilibrium of the macrocycle in favour of a particular form,

J. Name., 2013, 00, 1-3 | 3



/== -Faraday Discussions = 1

ARTICLE

which has been shown to greatly influence the photophysics of
the porphyrin molecule.’® Non-planarity induced in the
porphyrin structure due to protonation of the nitrogen atoms
breaks up their m-electron conjugated double-bond system.
Loss of conjugation promotes non-radiative relaxation of
excited state that results in significant fluorescence quenching
and short fluorescence lifetimes.!® To investigate the effects of
pH variation on the fluorescence properties of TCPP and PCN-
223(fb), their steady-state emission spectra were measured in
an experimental pH range of 3.5 to 8.5 (Aexcitation = 415 nm).
Given that PCN-223(fb) is stable in agueous environments with
pH values ranging from 0 to 10,1° the experimental pH range is
suitable for investigating the photophysics of the MOF without
loss in crystallinity. The peak positions and intensities of
fluorescence spectra of TCPP and PCN-223(fb) were found to be
strongly correlated with pH of solution/suspension. The
fluorescence spectra of the neutral form of TCPP and PCN-
223(fb) (5.5 < pH < 8.5) displayed a sharp band at 645 nm
(Q(0,0)) and a relatively weaker band at 720 nm (Q(0,1)) (Fig 5a
and 5b). Structural changes induced in the porphyrin
macrocycle due to protonation of central nitrogen atoms cause
the band at 645 nm to broaden and red shift by ~35 nm. As a
result, the fluorescence spectrum appears to be a single broad
band with a maximum at 680 nm (Fig. 5c).

@)

Journal Name

Figure 4. Protonation and deprotonation processes of TCPP in
acidic and basic media.8 pKj, pK, and pK; represent the pK,
values associated with these processes. The first and second
protonation processes are almost indistinguishable, such that
pK; ~ pKs. For TCPP, pK, =~ pK3 = 3.2, and for PCN-223 pK; ~ pK3
= 3.75 (see supporting information, Fig. S3 and S4).
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Figure 5. (a) Fluorescence spectra of TCPP in water (10°M) as a function of pH (b) Fluorescence spectra of PCN-223(fb) in water as
a function of pH. (c) Spectral evolution of PCN-223(fb) in pH range of 5 to 6.5.
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Temperature dependence of fluorescence lifetimes
Temperature dependence of the fluorescence decay rates (kops)
of an emissive MOF can give insight into the mechanism of
energy transfer.?® At room temperature, there are various
vibrational degrees of freedom that allow the excited state to
fully relax between energy transfer events. However, at low
temperatures (~77K) some of the vibrational degrees of
freedom are frozen out. If the electronic interactions between
the linkers in a MOF are very strong (strong coupling regime),
then at low temperatures the rate of energy transfer can exceed
that of vibrational relaxation. In such a scenario, the excitation
energy can move as an exciton that is delocalized over the
whole system.1?! The MOF should behave as an “aggregate”
and the energy transfer process is termed as “coherent”. In
contrast, if the electronic interactions between the linkers in a
MOF are weak (weak coupling regime), then vibrational
relaxation dominates at all temperatures. At a given time “t”,
the excitation energy remains localized on a linker. The MOF
behaves as a “monomer” and the excitation energy transfer is
termed as “incoherent”.

To determine whether PCN-223(fb) belongs to the strong
coupling regime or the weak coupling regime, the temperature-
dependent fluorescence decay kinetics of TCPP and PCN-
223(fb) were compared.?? The fluorescence decay rates of TCPP
and PCN-223(fb) were obtained at temperatures ranging from
77K to 333K (Fig. 6a and 6b). To plot the temperature
dependence curves, the experimental decay rates were fit to
the following equation-

Kope = ko + ke —AE/kgT

where ky is the temperature independent term and the
Arrhenius term describes the temperature dependence of
kops.?3%* The parameters extracted from the fits are reported in
Table 1. The pre-exponential factor or the frequency factor (k;)
and the activation energy for transitioning from the ground
state to the excited state (AE) of TCPP and PCN-223(fb) are very
similar, suggesting that the temperature-dependent
fluorescence behavior of the MOF is comparable to that of
monomer TCPP units. This result implies that PCN-223(fb)
belongs to the weak coupling regime. Therefore, we propose an
incoherent mechanism for EET in PCN-223(fb) MOF.

Faraday,Discussions

Table 1. Experimental parameters associated with TCPP and

PCN-223(fb)

ko (s1) kg (sY) AE (J/molecule)
(x 107) (x 107) (x 1022)
TCPP 6.7+0.1 4+0.1 7.3+0.1
PCN-223 6.4+0.2 3.3+0.6 8.3+0.5

Photoluminescence quenching

The energy transfer efficiency of porphyrin-based MOFs can be
evaluated by relating the concentration of quencher to the
extent of photoluminescence quenching.2>2¢ Typically,
quenching experiments on MOF are carried out in the presence
of an external quencher on its surface. The pH-dependence of
the fluorescence intensity in PCN-223 MOF shows that N-
protonated porphyrins can potentially act as an internal
quencher. Due to the presence of this internal quenching, no
additional quencher was used in this study. The relationship
between the quencher concentration and extent of quenching
is provided by Stern-Volmer equation,

lo/1 =1+ Ksy[Q]

where |p is the fluorescence intensity in the absence of
quencher, | is the fluorescence intensity at a particular
concentration of quencher, Ksy is the Stern-Volmer quenching
constant, and [Q] is the quencher concentration. Fig. 7 shows
the modified Stern-Volmer plot for TCPP and PCN-223, where
lo/I is plotted against that ratio of N-protonated and neutral
ligand concentration (see supporting information, section 5).

(a) (b)

164

124

84

I

04

0.0000 0.0005 0.0010 0.0015 0.0020
[H,P*1I[P]

0.000 0.001 0.002 0.003 0.004 0.005
[H,P*V[P]

Figure 7. (a) Modified Stern-Volmer plot of TCPP in the pH range

of 5.5 to 8.5 (b) Modified Stern-Volmer plot of PCN-223(fb) in

the pH range of 5.5 to 8.5.
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Figure 6.(a) Temperature dependence of the observed emission
decay rates of TCPP in MeOH-EtOH (3:1 v/v) mixture (pH = 7) (b)
Temperature dependence of the observed emission decay rates
of PCN-223(fb) suspension (3:1 v/v) mixture (pH = 7).

This journal is © The Royal Society of Chemistry 20xx

Table 2. Stern-Volmer rate constant and quenching rate
constants of TCPP and PCN-223(fb)

st (M-l) kQ (M-ls-l)
TCPP 237.68 2.71 x 1010
PCN-223(fb) 7298.96 8.06x 10!

The quenching rate kq can be calculated by dividing K5, with the
fluorescence lifetime of donor in the absence of quencher (tg).
The Stern-Volmer rate constants and quenching rate constants
of TCPP and PCN-223(fb) are provided in Table 2. The quenching
rate in PCN-223 is relatively higher than TCPP (by an order of

J. Name., 2013, 00, 1-3 | 5
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10), which is attributed to energy migration from neutral TCPP
units to N-protonated ones. Although a dramatic decrease in
photoluminescence intensity of MOF was observed on lowering
the pH, time resolved photoluminescence decay measurements
revealed that the lifetime of the MOF was not quenched.

Energy transfer efficiency in PCN-223(fb)

Excitation energy transfer primarily occurs through two
coupling mechanisms: Dexter exchange mechanism and Forster
dipole-dipole mechanism.#26-30 The Dexter mechanism requires
the presence of electronic communication between the donor
and acceptor via orbital overlap.3%32 Since the orbital overlap
between adjacent porphyrin struts in Zr-based MOFs with
porphyrin linkers is poor, the Dexter mechanism may not be
suitable to describe energy transfer in these MOFs.2° The
Forster mechanism (FRET), on the other hand, adequately
describes the “through space” energy migration in these MOFs.
The rate and efficiency of FRET is dependent on three physical
parameters. These parameters are (1) the degree of overlap
between donor emission and acceptor absorption (spectral
overlap, J), (2) the relative geometric orientation of donor and
acceptor within the framework, (3) the distance between the
donor and acceptor in the framework.33 The FRET efficiency of
porphyrin-based MOFs has been previously quantified by
performing photoluminescence quenching experiments.20.28:34
A qualitative analysis of FRET efficiency was performed by
relating the extent of quenching (®,) to the concentration of
quencher (N-protonated porphyrin). @4 is defined as,

Dy=1-1g/l,

where |y and |y are the PL intensities of donor in the presence
and absence of quencher.3> The concentration of N-protonated
TCPP in solution and MOF at a given pH can be found using the
Henderson-Hasselbalch equation. The concentration of N-
protonated TCPP in solution and MOF is ~1% at pH 5.5 and 6
respectively. The emission intensity of monomeric TCPP
solution and MOF at pH 5.5 and 6 was set as . The emission
intensity at pH 8 was set as lo. The @, for TCPP and PCN-223 was
estimated to be 93% and 51% respectively. The significantly
higher magnitude of @, in MOF complements the results of PL
quenching in the previous section. The quenching observed in
MOF can be considered as a combination of “self-quenching”
and quenching via energy transfer from neutral porphyrins to
N-protonated porphyrins.

The rate of energy transfer defined by Forster model is given by,
6
1 (Ro
To\T
where 14 is the lifetime of donor in the absence of acceptor, ris
the donor-acceptor distance and Ry is the Forster radius.?! Ry is
defined as the distance at which the energy transfer efficiency
is 50%, and is dependent on the fluorescence quantum vyield of

donor in the absence of acceptor (®p) and the overlap integral

(J)-

kET =

6 | J. Name., 2012, 00, 1-3
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where k2 is a geometric parameter that describes the relative
orientation between the transition dipole moments of donor
and acceptor, N, is Avogadro’s number, and n is the refractive
index of the surrounding media. Based on the above equation,
the Forster radius for PCN-223 was found to be 54.5 A (J = 5.344
x 101 M-1cm3, see supporting information, Fig. S6). Quantum
yield was obtained by relative method (0.27) (see supporting
information, section 8). Quantum yield of TCPP in methanol was
obtained from literature.3® The spectral overlap integral of TCPP
previously reported in literature is 2.49 x 10'> Mtcm3.37 The
rate of exciton hopping (knop) and exciton hopping time were
estimated to be 1.9 x 1012 s and 0.53 ps respectively. These
values are broadly consistent with those reported by Son et. al.
for other porphyrin-based MOFs.2> The total exciton hopping
distance was obtained from,

D
Rhop = My
where D, is the exciton diffusion coefficient.36-0 Long distance
exciton hopping corresponding to 100 A for one-dimensional
energy transfer, 141 A for two-dimensional energy transfer, and
173 A for three-dimensional energy transfer was estimated.
Since there is limited information about the singlet exciton
diffusion coefficient of porphyrin-based MOFs, the exciton
diffusion coefficient of TPPS nanotubes (95 x 10°® m? s'1) was
used for the calculation of exciton hopping distance.36

Nanosecond transient absorption spectroscopy

Thus far, we have investigated the singlet excited states of TCPP
and PCN-223(fb). Nanosecond transient absorption (nsTA)
spectroscopy was used as an additional tool to get further
insight into the excited state photophysics of TCPP and PCN-
223(fb). With the help of this technique, the triplet excited state
of TCPP and PCN-223(fb) were studied. Nanosecond transient
absorption difference spectra were acquired for TCPP solution
and PCN-223(fb) suspension in water at pH 8 (in the
nanosecond to microsecond time domain, Fig 8a and 8b). The
resulting difference spectra for both TCPP and PCN-223(fb)
were almost identical, having an intense ground state bleach at
~420 nm followed by an excited state absorption band centred
near 470 nm. The study also revealed that the nature of excited
state did not change between nanosecond to microsecond time
domain (see supporting information, Fig. S8). The transient
absorption decay of TCPP at 470 nm exhibited single-
exponential kinetics with a lifetime of 260 + 7 ps (Fig. 8c). The
triplet lifetime of TCPP was in good agreement with the
previously reported studies.*? PCN-223(fb) also exhibited a
mono-exponential decay with a lifetime of 201 + 27 us (Fig. 8d).
Due to the rigidity of the MOF structure, the rate of non-
radiative deactivation pathways is expected to decrease, which
in turn should lead to an increase in the lifetime of TCPP
incorporated in PCN-223(fb). Contrastingly, the lifetime of PCN-
223(fb) was found to be relatively shorter as compared to the
ligand. The shorter triplet lifetime of PCN-223(fb) may be
attributed to energy transfer pathways within the donor-

This journal is © The Royal Society of Chemistry 20xx
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acceptor framework. One of the possible pathways could
potentially be energy transfer to the trap states such as N-
protonated porphyrins and structural defects in MOF. In order
to further investigate the role of N-protonated porphyrins as
quenchers, nanosecond transient absorption measurements

ARTICLE

were attempted at different pH values. However, the solubility
of TCPP in water dramatically decreases on lowering the pH,
resulting in very weak transient signal. Consequently, nsTA
measurements were not successful at low pH.
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Figure 8. Transient absorption difference spectra (mapping) of (a) TCPP and (b) PCN-223(fb) measured in degassed water at room
temperature following 532 nm pulsed laser excitation (4-5 mJ/pulse, 5-7 ns fwhm). Both difference spectra represent an average of 30
transients. Fitted transient absorption decay of (c) TCPP and (d) PCN-223(fb) along with the residuals (green coloured). Both the transient

absorption kinetic measurements were probed at 470 nm.

Femtosecond Transient absorption spectroscopy

To further map the excited state trajectory across all available
timescales, ultrafast transient absorption (fsTA) studies on TCPP
and PCN-223 were performed with 400 nm excitation and probe
wavelengths that ranged across the UV-Visible region. The fsTA
difference spectra of both TCPP and PCN-223(fb) consists of a
ground state bleach at 415 nm followed by an excited state
absorption band starting from 430 nm. Composite spectral
features that can be attributed to ground state bleach (from the
Q band absorption) and excited state absorption can be
observed in the 500-650 nm range. The evolution of their

This journal is © The Royal Society of Chemistry 20xx

transients is presented in Fig. 9a and 9b. Over the course of the
first 500 fs, the ground state bleach at 415 nm and the excited
state absorbance centred near 470 nm appear. As time
progresses, no change is observed in the positions of the bands.
The features in the fsTA difference spectrum of TCPP and PCN-
223 qualitatively match those of the nsTA difference spectrum
(see supporting information, Fig. S9a and S9b), signifying that
the nature of excited state in both the ligand and the MOF did
not change as we moved from the femtosecond to microsecond
time domain.
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Figure 9. Transient absorption difference spectra of (a)TCPP (in a 1:1 (v/v) water-ethanol mixture (~ 10°® M)) at pH-8 following 400
nm pulsed laser excitation (140 fs fwhm), (b) PCN-223 in water at pH-8 following 400 nm pulsed laser excitation (140 fs fwhm).
Inset shows an expanded view of the excited state absorption band. Experimental delay times are indicated in the legend.

The transient kinetics of TCPP were probed at 418 nm and 506
nm, and analysed using single and multiexponential models (see
supporting information, Fig. S10(a)). The kinetic trace at 418 nm
was best fit to a triexponential model. The lifetimes determined
from the fit are provided in Table 3. Following previous
assignments provided in the literature,*2%7 the shortest
component (t1) is assigned to a solvent-induced process that
causes vibrational reorganization of excitation energy in S, state
of TCPP (solvent reorganization). Elastic collisions between the
ligand and solvent molecules are believed to be responsible for
this process. The second component (t,) is attributed to
vibrational relaxation of excited state S; due to interaction with
solvent molecules (vibrational cooling). The third component is
too long to be measured accurately with our apparatus and is
attributed to fluorescence in TCPP.*2 The trace at 506 nm
exhibited single exponential decay kinetics with a lifetime
consistent with the vibrational cooling component of excited
state relaxation.

In the case of PCN-223 MOF, the kinetics were probed at 348
nm and 510 nm (see supporting information, Fig. S10(b)).
Kinetic analysis of the ultrafast data revealed the presence of
three distinct time constants (Table 4). Based on a comparison
between the time constants of TCPP and PCN-223, the first
component (t;) is assigned to solvent reorganization. The
second component (t,) is assigned to vibrational cooling in
MOF. The third component (t3> 1ns) is assigned to fluorescence
in MOF.

It is worth noting that the lifetime corresponding to solvent
reorganization and vibrational cooling in MOF is relatively
higher as compared to the free ligand. Such an observation can
be explained by three potential hypotheses. The first is that
immobilization of the TCPP within the 3D rigid structure of MOF
decreases the vibrational modes able to couple to this cooling
process. Similar observations have been observed, i.e. the
decrease in non-radiative, vibrational excited state decay, in

This journal is © The Royal Society of Chemistry 20xx

chromophore modified MOFs.*84% The second is that the
solvent molecules coupled to the vibrational cooling process
have less accessibility to the porphyrin units in the MOF. The
third hypothesis attributes the observed differences in the
lifetimes between the TCPP and MOF samples to the different
solvent systems used to measure each. Ultrafast TA
measurements on TCPP samples were conducted in a 1:1 (v/v)
mixture of water and ethanol. Ethanol was added to improve
the solubility of TCPP in water, which in turn improves its
absorbance. On the other hand, fsTA measurements on MOF
samples were conducted in water (without ethanol). The
difference in solvent polarities may be responsible for the
higher lifetimes in MOF.

Table 3. Time constants obtained for TCPP in 1:1 water-ethanol
mixture at selected probe wavelengths (pump wavelength =
400 nm)

Wavelength (nm) T T, T3
418 nm 2+1ps 57 +22 ps >1ns
506 nm 51+ 26 ps - -

Table 4. Time constants obtained for PCN-223 in water at
selected probe wavelengths (pump wavelength = 400 nm)

Wavelength (nm) Ty T, T3
348 nm 5+ 2 ps 115+ 22 ps >1 ns
510 nm 123 + 29 ps - -

Conclusions

In summary, PCN-223 MOF was synthesized from free base
TCPP and was thoroughly characterized. The photophysical
properties of the synthesized MOF and the free ligand were
explored extensively with various steady state and time-
resolved spectroscopic techniques. The pH dependence of the
fluorescence intensity of TCPP and PCN-223(fb) was
investigated. Temperature dependence of the observed

J. Name., 2013, 00, 1-3 | 8



Page 9 of 12

fluorescence decay rates of PCN-223(fb) was comparable to
that of monomeric TCPP units, suggesting that the
interchromophoric interactions between TCPP linkers in MOF
belong to the weak coupling regime. Therefore, an incoherent,
hopping type mechanism was proposed for EET in PCN-223(fb).
Internal fluorescence quenching experiments demonstrate that
the singlet-state of PCN-223(fb) (in suspension) is quenched to
a greater extent than ligand (in solution). PCN-223(fb)
demonstrated a significantly higher extent of quenching (®q =
93%) as compared to monomeric TCPP solution (P4 = 51%), at
similar concentrations of quencher. The enhanced quenching in
MOF is attributed to energy transfer from the freebase
porphyrin linkers to N-protonated porphyrin linkers. The rate of
exciton hopping and exciton hopping time in PCN-223 were
estimated by using the Forster energy transfer model. These
values were found to be consistent with other porphyrin-based
MOFs. Femtosecond and nanosecond transient absorption
studies were conducted on free ligand and MOF to characterize
their excited state properties. Nanosecond transient absorption
decays showed that the triplet lifetime of MOF is relatively
shorter than the ligand, which may be due to triplet-triplet
energy transfer to N-protonated porphyrins. Structural defects
may also act as trap states and quench the triplet excited state
of MOF. The enhanced exciton migration distance (173 A in 3D)
in PCN-223(fb) MOF suggests that this type of chromophoric
system could potentially have useful application as light-
harvesters in various solar energy conversion devices.
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