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ABSTRACT  

Efficient photon harvesting materials require easy-to-deposit materials exhibiting good 

absorption and excited-state transport properties. We demonstrate an organic thin-film material 

system, a palladium-porphyrin based surface-anchored metal-organic framework (SURMOF) 

thin film, that meets these requirements. Systematic investigations using transient absorption 

spectroscopy confirm that triplets are very mobile within single crystalline domains; a detailed 

analysis reveals a triplet transfer rate on the order of 1010 s-1. The crystalline nature of the 

SURMOFs also allows a thorough theoretical analysis using density functional theory (DFT). 

The theoretical results reveal that the intermolecular exciton transfer can be described by a 

Dexter electron exchange mechanism that is considerably enhanced by virtual charge-transfer 

exciton intermediates. Based on the photophysical results, we predict exciton diffusion lengths 

on the order of several micrometers in perfectly ordered, single-crystalline SURMOFs. In the 

presently available samples, strong interactions of excitons with domain boundaries present in 

these metal-organic thin films limit the diffusion length to the diameter of these two-dimensional 

grains, which amount to about 100 nm. These results demonstrate potential of SURMOFs for 

energy harvesting applications. 
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TEXT  

1. Introduction 

Originally designed for gas storage and separation,1 metal-organic frameworks (MOFs) 

have started to create an impact as designer materials for electric, electronic and optical 

properties.2 Since the discovery that the ionic3 and electrical4 conductivity of these materials can 

be tuned over many orders of magnitude, their prospect to exhibit novel features has stirred a 

huge interest, also with regard to photophysical properties, such as light-harvesting,5,6 

photovoltaics,7 photocatalysis,8 and even solar-powered water harvesting from air.9 Of particular 

interest in this context is the mobility of the excited states, such as charges or excitons, which 

affects the efficiency of the material’s transport properties and, in organic materials, is directly 

linked to the degree of molecular long-range order.10 Therefore, crystalline MOFs can be 

expected to have an inherent advantage over less ordered organic semi-conducting systems such 

as polymers.  

Outside the realm of MOFs, there exist already numerous promising organic materials 

with excellent transport properties, such as singlet exciton transport over distances on the micron 

scale due to coherent effects (for example self-assembled organic systems such as nanotubes11, 

nanofibers,12 and in a conjugated polymer wire embedded in a crystal13), or triplet exciton 

transport over 4 µm in an organic crystal.14 However, these materials share a drawback: in their 

current state, they are difficult to mass-fabricate or deposit on large surface areas, as would be 

necessary for applications outside the laboratory. In contrast, surface-anchored metal-organic 

frameworks (SURMOFs) – thin MOF films attached to a substrate – can be fabricated in a fast 

and easy way from solution.15 SURMOFs exhibit crystalline order, making them promising 
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candidates for outstanding transport properties. Indeed, singlet transport in MOFs and 

SURMOFs has been a topic of significant, and ongoing investigation.16–24 The knowledge of 

atomic positions assists in this respect by providing the basis for a thorough theoretical 

analysis.16,17,25 Additionally, SURMOF film thickness is tunable from tens to hundreds of 

nanometers, and the films have excellent optical quality (as illustrated in Figure 1a). 

 

Figure 1. PdP SURMOF. (a): Photograph of three PdP SURMOF thin film samples on glass 

substrates fabricated with increasing number of spraying cycles (from top to bottom: 2, 4 and 

15 cycles). (b) Chemical structure of the PdP linker molecule and the zinc paddlewheel metal 

center. (c): Schematic drawing of the PdP SURMOF showing the arrangement of the linker and 

metal center into sheets that stand on the substrate and form randomly oriented crystalline 

domains in the plane of the substrate. (d) Absorbance and steady-state PL spectra of the PdP 

linker in ethanol and of a PdP SURMOF. The PL spectra are normalized to the fluorescence peak 

around 610 nm. The bands at 700 nm and 800 nm are the phosphorescence. The ratio of 

fluorescence to phosphorescence is increased in the SURMOF due to a suppression of the 

phosphorescence caused by triplet-triplet annihilation for excitation power densities of 

0.1 W/cm² and above.  
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As opposed to singlet transport, there is no theoretical upper bound to the length of triplet 

diffusion.26 Furthermore, triplet exciton transport is a Dexter rather than a Förster process, which 

was suggested to be advantageous for solar energy harvesting materials, especially in 

combination with one-dimensional (1D) transport.27 For this reason, we systematically 

investigate the triplet excited-state transport properties of a previously established type of 

SURMOF based on palladium-porphyrin linker molecules (depicted in Figures 1b and 1c). To 

date, the material’s photovoltaic activity was demonstrated,7 it was successfully used as a 

sensitizing layer in a photon upconversion system,28 and, recently, its photostability was 

examined.29 However, no systematic investigation of the excited-state transport in this material 

has been performed yet. Here, we report highly efficient triplet excited exciton transport in a 

palladium-porphyrin SURMOF thin film material with a triplet transfer rate on the order of 

1010 s-1, which yields a theoretical diffusion length of several microns. We analyze in detail the 

origin of these unexpectedly large transfer rates and discuss the current limitations in 

experimentally reaching the theoretically predicted diffusion lengths. 

 

2. Results and discussion 

2.1 Sample characterization 

The SURMOF material used in the current study is based on the established SURMOF-2 

structure7,29,30 and is fabricated using a spraying technique:31 Zn paddlewheel nodes are 

coordinated to four ditopic organic linkers (5,15-bis(4-carboxyphenyl)-10,20-
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diphenylporphyrinato)palladium(II) (PdP), as shown in Figure 1. This method yields an 

assembly of planar sheets with four-fold symmetry, in which the metal centers and linkers are 

held together by strong carboxylate-metal ion bonds. Previous structural characterization 

revealed that the length of a unit cell within a sheet is 2.5 nm (primarily determined by the length 

of the PdP linker molecule, see also Figures S14 and S15 for experimental XRD data), while the 

distance between two sheets is 0.6 nm.7 The SURMOF structure is stable under vacuum 

conditions as used in our experiments (see Supporting Information for details). As discussed 

below, this small inter-sheet distance leads to a preference of one-dimensional (1D) exciton 

transport in between the SURMOF sheets as opposed to transport inside the sheets. This 1D 

exciton motion is facilitated by the highly π-delocalized nature of the PdP linker molecules and 

their π-orbital overlap in the short-distance inter-sheet direction.32 

The PdP linker molecule exhibits a high intersystem-crossing rate due to spin-orbit 

coupling induced by the metal center, leading the initially-created singlet excitons to transform 

into a triplet-exciton population with an efficiency close to unity.33 The spin-orbit coupling 

allows radiative decay from the triplet excited state, leading to strong phosphorescence (see 

Figure 1d). The ratio between fluorescence and phosphorescence intensity strongly depends on 

the excitation fluence. As the singlet exciton lifetime remains very short in the PdP SURMOF 

(less than 20 ps)7, this change in ratio cannot be ascribed to an increase of the fluorescence in the 

SURMOF. Instead, it is indicative of efficient triplet-triplet annihilation, which is discussed 

further below. The intrinsic lifetime of the triplet state in the PdP SURMOF is established as 

τ = (729 ± 2) μs (see Figure S1), measured after low-fluence excitation. This is longer than the 

triplet lifetime of a reference compound, PdTPP [5,10,15,20-tetrakis(4-

phenylethynyl)phenylporphyrinato)palladium(II)] dissolved in toluene.34 The extended triplet 
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lifetime in the SURMOF indicates a suppression of non-radiative decay pathways. The 

rigidifying effect of the SURMOF structure and the reduction of surrounding solvent molecules 

can both contribute to this suppression. 

The absorbance of the PdP linker in ethanol solution (Figure 1d) is characterized by the 

Soret band at 415 nm and the maximum Q-band absorption at 520 nm. In the SURMOF, the 

maximum of the Soret band absorption is red-shifted by 0.138 eV to 435 nm and the absorption 

band is significantly broadened. The Q-band absorption maximum is also slightly red-shifted (to 

530 nm) in the SURMOF, with the photoluminescence redshifting by a similar amount. The 

significant bathochromic shift is caused by stacking of the PdP linkers in the SURMOF, leading 

to the formation of aggregates.32,35 The close packing of neighboring PdP molecules (see 

Figure 2a) induces strong π-π intermolecular interactions between the highly aromatic porphyrin 

fragments. These noncovalent interactions as obtained by quantum-chemical calculations are 

depicted in Figure 2b. They are found to be very dense and spread over the entire PdP fragment, 

leading to a high intermolecular binding energy of 1.34 eV in the SURMOF between PdP 

molecules on adjacent sheets (estimated using a supermolecular approach, see Supporting 

Information). These strong and delocalized π-π interactions affect the electron density 

localization on the PdP frontier orbitals (see Figure S12) and lead to a shift in their energy 

difference, which leads to bathochromic shifts in the various optical transitions (although we 

note that the size of the shifts to the different transitions vary because of the varying relative 

contributions of the different frontier orbitals for different transitions).  

 

 



 8

 

Figure 2. (a) 3D visualization of the arrangement of PdP chromophores in the ground-state 

optimized structure of the SURMOF (three sheets shown, a dimer as used for the simulations is 

highlighted). (b) π-π-interactions in a PdP SURMOF. Visualization of intermolecular 

noncovalent interactions (NCI) between neighboring PdP linkers in SURMOF (in yellow). The 

depicted NCI surface corresponds to the reduced density gradient of 0.4 a.u.36 A description of 

the theoretical methods used is given in Supporting Information. (c) Visualization of the electron 

density difference between the ground and triplet excited states of the PdP dimer, obtained using 

TD-DFT calculations with CAM-B3LYP functional (see Supporting Information). The electron- 

donating and electron- accepting regions are marked in violet and green, respectively (isovalue 

of 3×10-4 a.u.). 
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2.2 Transient absorption spectroscopy 

In order to experimentally investigate the exciton transport in a PdP SURMOF, we 

performed nanosecond transient absorption spectroscopy (TAS). The spectra recorded at 

different delay times (see Figure 3a) can be described by the decay of a single spectrum, which is 

dominated by a broad photo-induced absorption (PIA, ΔOD>0) of an excited state, and has a 

maximum between 450 and 500 nm. The dip in the spectrum at the pump wavelength 532 nm 

can be attributed to a small contribution of a ground state bleach signal (GSB, ΔOD<0). The sum 

of these two contributions makes up the spectra and their relative weight does not change, the 

spectra at each time delay retain their shape and only change in scale, thus confirming that only a 

single long-lived excited-state species is created after photoexcitation of the PdP SURMOF. 

These long-lived species are the triplet excitons responsible for the phosphorescence in the PL 

measurements discussed above.  
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Figure 3. Transient absorption spectroscopy (TAS). Transient absorption data for a PdP 

SURMOF thin film sample excited at 532 nm under dynamic vacuum (<10-4 Pa). (a) TAS 

spectra (change in optical density ΔOD) at specific delay times (excitation fluence 70 µJ/cm2). 

(b) Normalized TAS kinetic traces for different excitation fluences. (c)  TTA rate coefficient 

𝛾ሺ𝑡ሻ for the highest two excitation fluences calculated from the data in (b) as described in the 

text. The solid lines represent fits with a 1D diffusion model. 

 

We examine the triplet exciton population kinetics in the PdP SURMOF by comparing 

the TAS kinetics for a series of different excitation fluences (see Figure 3b), using the TAS 

signal integrated in the 460-500 nm wavelength region (selected for its high signal strength). As 

the initial excited-state density in the sample is raised by increasing the excitation fluence, the 

decay of the triplet population becomes faster. This indicates the presence of triplet-triplet 

interactions and we attribute the population decrease to triplet-triplet annihilation (TTA). This 



 11

process requires two triplets to meet, with the collision rate increasing with triplet density and 

triplet mobility. Thus, the decay rate of the triplet population becomes faster as the excitation 

fluence is increased. For a detailed discussion of how TTA is the dominant deactivation channel 

at these fluences (meaning the vast majority of the triplet population is mobile and able to 

participate in this TTA process) please see the Supporting Information. In particular, the change 

in the triplet kinetics is not caused by temperature changes in the SURMOF, as laser-induced 

heating is negligible here (see Supporting Information).  

The fact that no decay component on the order of the monomolecular lifetime can be 

observed in Figure 3b highlights the good connectivity of the SURMOF: The bulk of the PdP 

molecules are well-connected, enabling triplet exciton transport and TTA. No contribution of 

isolated, monomer-like molecules (e.g. at the SURMOF’s surface) can be observed, as they 

would result in immobile triplet excitons decaying with their monomolecular lifetime. Given the 

signal-to-noise ratio of the TAS data, the percentage of such isolated PdP chromophores can be 

estimated roughly as <5%. 

The total decay of the triplet exciton population can be described by a single rate 

equation: 

ௗ்

ௗ௧
ൌ െ𝑘୘→ୋୗ𝑇 െ 𝑓𝛾ሺ𝑡ሻ𝑇ଶ , 

(1) 

where T denotes the concentration of the triplet exciton species, 𝑘୘→ୋୗ is the rate of 

triplet decay to the ground state via monomolecular (radiative and non-radiative) channels, f is a 

factor that depends on the expectation value for the number of triplets remaining after a triplet-
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triplet encounter (here f = 1, see the Supplementary Material) and 𝛾ሺ𝑡ሻ denotes the time-

dependent TTA rate constant.  

The time dependence of the rate of triplet-triplet annihilation is linked to the 

dimensionality of the diffusion process, for example for one-dimensional (1D) diffusion 𝛾ሺ𝑡ሻ ∝

ඥ𝐷/𝑡 ,37 whereas in the 3D case 𝛾ሺ𝑡ሻ tends to a constant at longer times. 

From Equation 1 we can derive the following expression for the TTA rate: 

𝛾ሺ𝑡ሻ ൌ 𝑇ሺ𝑡ሻିଶ ቀ
ௗ்ሺ௧ሻ

ௗ௧
ቁ . 

(2) 

Here we simplified the equation by neglecting the linear term using the assumption that 

𝑘୘→ୋୗ𝑇 ≪ 𝛾𝑇ଶ, which is valid at early times for high excitation fluences as under such 

conditions TTA is the predominant decay channel.  

The necessary values of the triplet concentration 𝑇ሺ𝑡ሻ can be derived from the TAS 

kinetics with the knowledge of the initial concentration 𝑇଴ (see Supplementary Material). Using 

this experimentally determined 𝑇ሺ𝑡ሻ and its numerically calculated first derivative, we translate 

the TAS kinetics into the experimental values for 𝛾ሺ𝑡ሻ, as shown in Figure 3c. The data at the 

two highest excitation fluences were used because they have the best signal-to-noise ratio and, 

therefore, are preferable for numerical calculation of the first derivative. A similar value of 𝛾ሺ𝑡ሻ 

is obtained for both fluences, corroborating our assumption that under these experimental 

conditions, the bimolecular triplet annihilation is much faster than the monomolecular decay. 

The value of 𝛾ሺ𝑡ሻ decreases monotonically over time, which is consistent with the expected 

functional behavior of 𝛾ሺ𝑡ሻ for one-dimensional diffusion. This can be seen from the fits using 
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𝛾ሺ𝑡ሻ ൌ 𝛾଴𝑡ିଵ/ଶ, which describe the data well. The value for the constant 𝛾଴ from concurrently 

fitting both data sets is 𝛾଴ ൌ ሺ8.2 േ 0.2ሻ ൈ 10ିଵ଺cmଷsିଵ ଶ⁄ . We note that our data is inconsistent 

with the 3D function for 𝛾ሺ𝑡ሻ (see Figure S4). From this, we can conclude that the triplet exciton 

transport is primarily 1D within the SURMOF. 

We note that this strong evidence for 1D exciton motion in between the porphyrin layers 

is consistent with reports on anisotropic photoconductivity in porphyrin single-crystals,38 singlet 

transport in a Zn-porphyrin MOF,17 and anisotropic exciton diffusion in SURMOFs made from 

anthracene dibenzoic acid.23 

With 𝛾଴ we calculate the diffusion coefficient D using the relation39 

𝛾ሺ𝑡ሻ ൌ
ଵ

௔∙௡
ට଼஽

గ௧
ൌ 𝛾଴

ଵ

√௧
 , 

(3) 

where a is the distance between molecules along the transport dimension (in our case 

a=0.6 nm) and n is the 3D concentration of molecules in the sample (from the unit cell depicted 

in Figure 1 we calculate n=2×(2.5 nm×2.5 nm×0.6 nm)-1=5.33×1020cm-3). Solving for D yields a 

diffusion coefficient of (2.7±0.4)×10-4 cm²s-1 , with the uncertainty being calculated from the 

fitting uncertainty of 𝛾଴ and conservatively assuming uncertainty in the unit cell dimensions of 

0.1 nm. An additional source of uncertainty comes from our use of the thin film approximation 

for the calculation of the initial triplet concentration T0 (see Supporting Information), which 

results in lower and upper boundaries on D of 1.6×10-4 cm²s-1 and 5.5×10-4 cm²s-1 (assuming a 

±30% error in T0 due to the approximation). The triplet exciton hopping rate khop in ordered 1D 

systems can be expressed in terms of the diffusion coefficient:40 
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𝑘hop ൌ
஽

௔మ, 
(4) 

and we find khop=8×1010 s-1 for the triplet exciton energy transfer (TEET) in PdP 

SURMOFs (with uncertainty boundaries as discussed above of 4.7×1010 s-1 and 16.3×1010 s-1). 

Although this value is significantly higher than TEET rates in (disordered) conjugated polymers 

(106 s-1),41 it is similar to TEET rates in tetracyanoquinodimethane (TCNQ) salts (107 s-1 - 1011 s-

1),42 tetracene crystals (1010 s-1 - 1011 s-1),43 or triisopropylsilylethynyl acetylene (TIPS) pentacene 

thin films (1011 s-1).44 In the realm of MOFs, the 1D TEET rate in a Ru-trisbipyridyl-based 

system (with chromophore separation distances of >0.8 nm) was reported to be on the order of 

108 s-1.27Förster transport of singlet excitons was found to be faster in two different Zn-porphyrin 

MOFs (1012 s-1 - 1013 s-1),17,21 whereas our hoping rate is similar to the electron transfer rate in a 

pyrene based MOF (1010 s-1).45 These comparisons show that the PdP SURMOF TEET rate is 

competitive with respect to other material systems while offering its own advantages, namely in 

the ease of fabrication of thin films and the 1D nature of the transport. 

2.3 Quantum mechanical calculations 

In order to demonstrate the 1D nature of the exciton transport in PdP SURMOFs, we 

performed quantum mechanical calculations using density functional theory (DFT) and time-

dependent DFT, as described in the Supplementary Material. The diffusion of triplet excitons, 

which are the main long-lived excited-states in the PdP SURMOF, is described by a short-ranged 

intermolecular exciton transfer process. Owing to the fact that excitons in MOF systems are well 

localized on single linker molecules that are separated by much larger distances than typical for 

organic crystals, they are characterized by the weak electronic coupling regime46 In such 
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conditions, the triplet excited exciton transfer rate, kTEET, can be calculated by Fermi's golden 

rule as: 

𝑘TEET ൌ
ଶగ

ℏ
|𝑉TEET|ଶሺFCWDሻ, 

(

(5) 

where ℏ and VTEET denote Planck’s constant divided by 2𝜋 and the electronic coupling matrix 

element between adjacent molecules; (FCWD) is the Franck-Condon weighted density of states, 

which can be calculated using classical, semi-classical or quantum-mechanical theories. In the 

present work, we use the semi-classical Marcus theory expression,47,48 to estimate the theoretical 

TEET transfer rates for the PdP SURMOF. The standard Gibbs free energy change vanishes in 

absence of an electric field for systems wherein donor and acceptor molecules are identical. 

Therefore, the resulting transfer rate is: 

𝑘்ாா் ൌ ଶగ

ℏ
|𝑉TEET|ଶට

ଵ

ସగ௞ಳ்ఒ
exp ቀെ ఒ

ସ௞ಳ்
ቁ , (6) 

where VTEET is the electronic coupling matrix element between the initial state of a donor and the 

final state of the acceptor during the exciton transfer. This corresponds to an exciton moving 

between two adjacent sites in the SURMOF. λ is the reorganization energy, connected to the 

change in equilibrium geometry of both donor and acceptor upon TEET. 

The electronic coupling element, VTEET, is determined by the nature of the electronic 

wavefunctions of the molecules involved in the energy transfer. An important component to 

VTEET is the simultaneous exchange of an electron in the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) between a donor and an acceptor 

molecules, known as Dexter electron exchange transfer.49 It was shown recently that VTEET 
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cannot be explained by the Dexter mechanism alone.50–52 The contribution of the electron density 

overlap,50,51 and virtual charge transfer exciton intermediates50,51,53,54 can be strong and enhance 

the transfer rate. Especially the last term is of significant importance in the sequential type 

pathway of the Dexter energy transfer,53,54 when the exciton moves not as an entity, but through 

sequential hops of a LUMO electron and an HOMO hole, creating intermediate charge transfer 

(CT) configurations described by new donor and acceptor wave functions. Wehner et al. have 

shown that for TEET in pyrene molecules, the addition of CT exciton intermediates for HOMO 

and LUMO transfers results in a significant improvement of the TEET coupling.54 

Therefore, we use the TEET electronic coupling elements with included overlap 

integrals50–52 and CT configurations for the frontier orbitals55 to estimate the triplet exciton 

transfer rate kTEET for adjacent molecules along the 1D pathways in the PdP SURMOF. The 

calculated electronic coupling elements and the transfer rates are listed in Table 1. The transfer 

rates were calculated using equation 6 (with λ = 0.256 eV, approximated as the inner 

reorganization energy contribution, see Supporting Information). 

Table 1. Electronic coupling matrix elements (V) and corresponding transfer rates (k) for the 

Dexter exchange, electron density overlap, triplet excited exciton transfer (TEET) and virtual 

charge transfer (CT) exciton intermediates for the PdP linkers in the SURMOF. The values were 

obtained using the energy splitting method56 for the PdP dimer utilizing DFT and TD-DFT 

calculations with hybrid B3LYP and long-range separated CAM-B3LYP functionals, as 

described in the Supporting Information.  

 V (meV) k (s-1) 

 B3LYP CAM-B3LYP B3LYP CAM-B3LYP 

Dexter 0.036 0.099 3.67 ×106 27.8 ×106 
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Density overlap 0.400 0.196 - - 

TEET 0.436 0.296 5.30 ×108 2.43 ×108 

CT HOMO 38.9 49.1 4.22 ×1012 6.71 ×1012 

CT LUMO 7.21 8.84 1.45 ×1011 2.18 ×1011 

Virtual CT  1.04 1.61 3.03 ×109 7.24 ×109 

TEET+Virtual CT 1.48 1.91 0.61 ×1010 1.01 ×1010 

 

We find that the calculated values for the TEET transfer rate (1.01×1010 s-1), for short 

range electronic coupling elements including Dexter transfer, electronic density overlap and 

intermediate CT configurations, are comparable with the experimentally obtained khop=8×1010 s-

1. This confirms that the experimental data on triplet exciton diffusion in PdP SURMOFs is 

dominated by a sequential 1D short range electron exchange process, as visualized in Figure 2c. 

It is not surprising that the calculated values for kTEET is somewhat smaller than the experimental 

results, because higher order intermediate CT excited configurations of the donor and acceptor 

may also contribute to the overall TEET coupling.54 In addition, dynamic deviations of the PdP 

linkers in the SURMOF, such as a decrease the intermolecular distance, might also affect the 

electronic coupling elements and increase the exciton transfer rate.57,58 

From the experimentally-derived diffusion coefficient, D (directly related to the hop 

frequency), and monomolecular lifetime, τ, we can obtain a theoretical estimate for the diffusion 

length L of the triplets using the relationship 

𝐿 ൌ √2𝑍𝐷𝜏 , (
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(7) 

where Z is the dimensionality of the diffusion process (in our 1D system, 𝑍 ൌ 1) and 𝜏 is the 

exciton lifetime in the absence of TTA. From Equation 4 we obtain a 1D diffusion length of  L = 

6.3 µm (with uncertainty boundaries of 4.8 µm and 9.0 µm, due to the thin film approximation) 

This is of the same order as the 3D triplet diffusion length of 1.6 µm established in an anthracene 

MOF (whose diffusion coefficient was determined to be on the order of 10-6 cm2s-1).59 As 

transport is restricted to one dimension in our PdP SURMOF, for a perfect single crystal a triplet 

exciton has an average displacement of 𝐿/a ൎ 10ସ porphyrin units.  

 

2.4 Luminescence microscopy 

Diffusion on the micron length scale should be directly observable with 

photoluminescence microscopy experiments.11,14 To this end, an encapsulated PdP SURMOF 

thin film was excited at 405 nm (continuous wave, CW) and the resulting phosphorescence 

distribution was imaged. When comparing excitation (Figure 4a) and emission images (Figure 

4b), the phosphorescence PL spot appears to be larger than the excitation spot measured by 

reflection from a mirror. At first sight, this broadening could be diffusion of the excited states 

from the sites at which they are generated into the surrounding material. However, after careful 

analysis and additional experimentation we find that this broadening can be completely 

explained by scattering of the excitation light coupled with very efficient TTA. 
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Figure 4. Phosphorescence microscopy. (a) Reflection intensity of the 405 nm CW excitation 

beam on a mirror. (b) Phosphorescence intensity of an encapsulated pristine PdP SURMOF thin 

film sample at room temperature excited at 405 nm (CW, 19.3 W/cm²). (c) Phosphorescence 

intensity of an encapsulated PdP SURMOF thin film sample at room temperature excited at 405 

nm (CW, 19.3 W/cm²) after 60 minutes of illumination (405 nm CW at 1.2 W/cm² with 70 µm 

beam diameter). (d) Radial phosphorescence profile for an encapsulated PdP SURMOF thin film 

sample at room temperature excited at 405 nm (CW, 69.3 W/cm²) at different illumination 

durations. The green dashed line represents the shape of the exciton generation profile used in 

the simulation (see text). 

 

To explain the observed broadening, we consider a simple model that allows generation 

and annihilation of the triplet density at each radial position, but no long-range diffusion. This 

approximates the situation wherein triplets can move efficiently within their domain (therefore 

allowing annihilation) but cannot move long distances due to the grain boundaries between 
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crystals (see Supporting Information for details on the simulation). We find that such a simple 

simulation can adequately describe the observed PL spot sizes for a variety of excitation fluences 

when a generation profile with longer “wings” as compared to the measured excitation spot is 

used. This weak excitation far from the center spot could be caused by scattering of the 

excitation spot into the film, or glass substrate, causing modes radiating from the center of the 

excitation spot that are gradually absorbed by the thin-film. 

To further assess the feasibility of this explanation, we deliberately changed the 

monomolecular lifetime of the PdP molecules by introducing quenching sites. We did this by 

prolonged illumination of the sample to introduce quenching photoproducts.29 As the sample is 

exposed to prolonged illumination, the observed PL profile decreases in width (see Figure 4c) 

and comes closer and closer to the excitation profile (see Figure 4d). This is because the 

increasing influence of the quenching pathway reduces the share of triplets that are deactivated 

by TTA (an extended discussion can be found in the Supporting Information). Without TTA (or 

diffusion), the phosphorescence profile obviously matches the generation profile. Therefore, we 

can refine our simulation by using the phosphorescence profile of the most-degraded sample (see 

Figure S8 and the green line in Figure 4d) as an empirical proxy for the generation profile.  

We note that the PL intensity measured in the center of the excitation spot barely changes 

with degradation at all (Figure 4d). This is because at the high triplet densities present in the 

center of the spot the photoluminescence quantum yield (PLQY) is low even in the pristine 

material, so the amount of emission changes relatively little by degradation. The PLQY is either 

low due to dominant TTA, or due to quenching. Far from the spot center, where TTA becomes 

negligible, the PL-decrease with prolonged illumination is more drastic, which is reflective of the 

change in the monomolecular rate. We simulated the profiles for the pristine condition and at all 
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degradation times and find them  in good agreement with the experimental data (see Figure S9 in 

the Supporting Information). Hence, all measured data are consistent with our explanation based 

on considering TTA and excluding long-range diffusion. As a side note in relation to our 

previous publication,29 this simulation allows us to extract the change in the monomolecular rate 

k and, in turn, the heretofore unknown radical-pair generation rate kR, which we find to be on the 

order of 104 s-1 after an hour of illumination. 

After having demonstrated that the luminescence spots can be explained by scattering 

effects and TTA, we turn our attention to the question why the large theoretical diffusion length 

does not yield a more pronounced broadening of the profiles. We feel that the only possibility to 

explain this observation is to consider the effect of domain boundaries within the SURMOFs. 

While all domains are oriented with their (001) crystallographic direction normal to the substrate, 

the orientation of this direction is different for each crystal domain (see Figure 1c). We therefore 

conclude, based on the microscopy, that the polycrystalline nature of the MOF thin film 

precludes long-range diffusion due to grain boundaries of crystalline grains smaller than the 

resolution limit of our microscope (≈140 nm). However, the microscopy confirms that efficient 

transport is present within the grains, as TTA significantly alters the shape of the observed PL 

spot. In order to directly observe micron-scale triplet transport, further strides must be taken to 

increase the size of the crystalline domains. 

 

3. Conclusion 

To conclude, we investigated the triplet excited energy transport of a surface-anchored 

metal-organic framework material based on an organic palladium-porphyrin linker. The highly 
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ordered MOF structure with close spacing between adjacent linker sheets facilitates highly 

efficient, one-dimensional triplet exciton transport between cofacial porphyrin units. Transient 

absorption measurements confirm one-dimensional transport of the triplet excitons with a 

transfer rate of 8×1010 s-1. A theoretical analysis reveals strong π-π intermolecular interactions 

and substantial electronic coupling between the J-aggregated porphyrin linkers in one direction. 

These improve the Dexter exchange electronic coupling during the exciton transfer, and lead to a 

dominating influence of virtual (intermediate) charge transfer excitons. This has a strong impact 

on the theoretically obtained TEET rate (1×1010 s-1), which we find in good agreement with the 

experimental value. From the photophysical parameters, we would expect exciton diffusion 

lengths on the order of several micrometers. From luminescence microscopy, however, we 

learned that for our current samples the diffusion length is restricted by the domain sizes of the 

polycrystalline PdP SURMOF films, but that strong TTA within domains occurs due to the 

excellent mobility of triplets within crystals and dictates the observed PL profiles. The excellent 

triplet transfer rates in these easily-deposited thin-film coatings create strong interest with regard 

to applications in light harvesting. Even though the PdP SURMOF forms stable photoproducts 

under extended illumination, their effect on the triplet population is small compared to the 

efficient TTA, which is enabled by the material’s transport properties.29 Moreover, the general 

concept of using long-lived triplet excitons to carry energy over large distances in a well-ordered 

SURMOF could be extended to more photostable molecules. Regardless, expanding the domain 

sizes will be necessary in order to realize large excitonic diffusion lengths. In this context we 

will investigate recently introduced variants of the layer-by-layer method to fabricate SURMOFs 

of reduced defect density, e.g. by using ultrasonication as an intermediate step.60  
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4. Experimental section 

Materials 

Zinc acetate and ethanol were purchased from VWR and used as received. The PdP linker 

was synthesized starting from 5,15-bis(4’-methoxycarbonyl)phenyl)-10,20-diphenylporphyrin.61. 

 

Sample preparation 

The PdP SURMOFs were fabricated by spray coating using a zinc acetate solution in 

ethanol (1 mM L-1) and a PdP linker solution in ethanol (20 µM L-1). The zinc acetate solution 

was sprayed on the substrate (for 15 s), followed by a waiting time (35 s) and rinsing with pure 

ethanol (5 s). Then the linker solution was sprayed on top (25 s) followed by a waiting time 

(35 s) and rinsing with pure ethanol (5 s). These steps were repeated 15 or 30 times. The growth 

rate was previously determined to be around 16 nm per cycle28. Crystallinity of the thin film was 

ascertained by X-ray diffraction (XRD) characterization (Bruker D8 Advance). 

 

Absorption spectroscopy 

Absorption spectra were measured with a Perkin-Elmer Lambda 950 UV/vis/NIR 

spectrophotometer in absorbance mode. The PdP linker solution was measured in transmission 

mode with the cuvette placed in the beam path. The thin-film PdP SURMOF sample was 

measured inside an integrating sphere.  
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Steady-state photoluminescence spectroscopy  

The sample was excited with a 525 nm continuous wave (CW) laser diode (Roithner 

LaserTechnik LD-515-10MG, tuned to 525 nm) and the emission spectra were measured with a 

fiber-coupled CCD spectrometer (Avantes AvaSpec ULS-RS-TEC). The sample was kept under 

dynamic vacuum (<10-4 Pa). 

 

Determination of the monomolecular lifetime 

The sample was excited at 525 nm with a laser diode (Roithner LaserTechnik LD-515-

10MG, tuned to 525 nm) modulated with square-wave pulses at 200 Hz (using a Thorlabs 

ITC4001 laser diode and TEC controller in QCW mode; 1 ms on, 4 ms off). The sample was 

kept under dynamic vacuum (<10-4 Pa). The phosphorescence spectra were measured after a 

550 nm longpass filter (Thorlabs FEL0550) using a double monochromator (Bentham 

DTMS300) and a photomultiplier tube (PMT, Hamamatsu R928P). The phosphorescence decay 

kinetics were obtained from the PMT signal using multi-channel-scaling electronics (PicoQuant 

TimeHarp 260 NANO). The resulting decay curve was fitted with a single exponential function 

to obtain the lifetime. The data are shown in Figure S1. 

 

Transient absorption spectroscopy (TAS) 



 25

Nanosecond TAS was performed with a custom-built pump-probe system. The output of 

a titanium:sapphire (Ti:Sa) femtosecond amplifier (SpectraPhysics Spitfire Pro XP, center 

wavelength 800 nm, repetition rate 1kHz) was used to generate a white light continuum (probe 

beam) inside a sapphire crystal. The pump beam was generated from an oscillator/amplifier sub-

nanosecond laser system (Innolas Picolo AOT 1 MOPA, center wavelength 532 nm, repetition 

rate 500 Hz, pulse width 800 ps). The pump laser was electronically triggered by the Ti:Sa 

amplifier, the pump-probe delay could be set by delaying this trigger signal using a digital delay 

generator (Stanford Research Systems DG535). To prevent triplet quenching by atmospheric 

oxygen, the sample was kept under dynamic vacuum with pressure less than 10-4 Pa. After 

passing the sample, the probe beam was dispersed on a flint glass prism and detected at 1 kHz on 

a linear image sensor (Hamamatsu NMOS S3904-512Q). Each probe pulse from the laser was 

read out into computer software and adjacent readings were used to calculate the transient 

absorption data ΔT/T (differential transmission). 

 

Luminescence microscopy 

The experiments were performed on a widefield inverted microscope (Zeiss Axio 

ObserverZ1, Jena, Germany) as previously described.62 Briefly, a 405 nm laser (Stradus 405-

250, Vortran Laser Technology, Sacramento, CA) beam was passed through an acousto-optical 

tunable filter (AOTF, model AOTFnC-400.650, A-A Opto-Electronic, Orsay, France) and 

coupled into a fiber for spatial filtering. The output of the fiber was collimated by a convex lens 

and focused by an oil immersion objective (Zeiss alpha Plan-Apochromat 63×/1.46 Oil Corr 

M27) into the sample. The phosphorescence signal or the scattered light from the excitation light 
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were collected by the same objective, passed through bandpass filters (FB405-10, 405/10 nm 

(center/FWHM), Thorlabs, Munich, Germany, for the excitation light; BrightLine HC 698/70, 

AHF, Tübingen, Germany, for phosphorescence) and imaged onto an EMCCD camera (Ixon 

Ultra X-7759, Andor, Belfast, UK). To prevent triplet quenching by atmospheric oxygen, the 

thin film PdP SURMOF sample was previously encapsulated under nitrogen atmosphere. A 

schematic drawing of the microscopy setup and a detailed description of the data analysis 

process can be found in the Supporting Information. 

 

Quantum-chemical calculations 

Microscopic parameters of PdP SURMOF were calculated using the dimer approach, 

where the two adjacent porphyrin linkers in the MOF intersheet direction were considered. The 

PdP dimer was taken from the GGA-optimized SURMOF using VASP,63 v. 5.4.1 (computational 

details described in the Supporting Information). The corresponding PdP carboxylate groups 

were saturated with hydrogen atoms. The position of the PdP linkers, as known from the 

SURMOF structure, was kept by fixing the position of the oxygen atoms. The short-range 

electronic coupling matrix elements between the porphyrin linkers were calculated using the 

conventional and time-dependent density functional theory method, utilizing hybrid B3LYP64, 

and hybrid long-range separated CAM-B3LYP65 functionals with def2-SVP basis set66,67 and 

Grimme D3 dispersion correction.68 Both direct coupling and energy splitting method were used 

to calculate the electronic coupling elements during the TEET exciton transport in the PdP 

SURMOF. TEET coupling calculations were made with Turbomole69 (V7.1 2016) and Gaussian 

16,70 as described in the Supporting Information. 
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MOF, Metal-Organic Framework; 

SURMOF, Surface-Anchored Metal-Organic Framework; 

PdP, (5,15-bis(4-carboxyphenyl)-10,20-diphenylporphyrinato)palladium(II); 

PdTPP, (5,10,15,20-tetrakis(4-phenylethynyl)phenylporphyrinato)palladium(II); 

TAS, Transient absorption spectroscopy; 
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DFT, density functional theory; 
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CT, charge transfer; 

CW, continuous wave; 

PL, photoluminescence; 

PLQY, photoluminescence quantum yield; 
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