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ABSTRACT:  We present two approaches to enhance the photoluminescence quantum yield (PLQY) of surface-anchored metal-
organic frameworks (SURMOFs). In the first approach we fabricate SURMOFs from a mix of an emissive linker with an optically-
inert linker of equivalent length, diluting the emissive linker while maintaining the SURMOF structure. This approach enhances the 
internal PLQY. However, the increase in internal PLQY is achieved at the expense of a drastic reduction in optical absorption, thus 
the external PLQY remains low. To overcome this limitation, a second approach is explored wherein energy-accepting guest chro-
mophores are infiltrated into the framework of the active linker. At the correct acceptor concentration, an internal PLQY of 52% – 
three times higher than the previous approach – is achieved. Additionally, the absorption remains strong leading to an external 
PLQY of 8%, an order of magnitude better than the previous approach. Using this strategy, we demonstrate that SURMOFs can 
achieve PLQYs similar to their precursor chromophores in solution. This is of relevance to SURMOFs as emitter layers in general, 
and we examine the optimized emitter layer as part of a photon upconversion (UC) SURMOF heterostructure. Surprisingly, the 
same PLQY is not observed after triplet-triplet annihilation the UC heterostructure as after its normal photoexcitation (although the 
UC layers exhibit low thresholds consistent with those reported in our previous work). We discuss the potential bottlenecks in ener-
gy transport that could lead to this unexpected reduction in PLQY after excitation via triplet-triplet annihilation, and how future 
design of SURMOF UC multilayers could overcome these limitations.  

Introduction 

Metal-organic frameworks (MOFs) are prepared by coor-
dination of organic linkers to metal centers, yielding porous, 
crystalline frameworks.1,2 The well-defined, highly-ordered 
arrangement of the building blocks make MOFs interesting 
model systems for observing energy transfer between chromo-
phore linkers,3-10 as well as between linker and guest mole-
cules that are loaded into the MOF.11,12 Due to the high local 
order, long exciton diffusion lengths are observed in 
MOFs.8,11,13,14 Appealing energy transport properties within 
MOFs support interest in developing their properties towards 
device applications;15,16 these applications include as semicon-
ductors in photovoltaic 17-19 and thermoelectric20 devices, but 
also potentially as metallic-like conductors, despite their po-
rous nature.21,22 Furthermore, layer-by-layer fabrication strate-
gies allow for the facile construction of multilayer heterostruc-
tures that expand the potential application space of MOFs.23,24 
We have previously demonstrated triplet exciton transport 
across the heterojunction of a SURMOF heterostructure de-
signed for photon upconversion (UC) via triplet-triplet annihi-
lation (TTA-UC).25 We reported low thresholds (1 mW/cm2), 
but the quantum efficiency of the upconversion was too low to 
measure, which was ascribed to a very limited photolumines-
cent quantum yield (PLQY) in the emitter layer. Other papers 

claiming significantly lower thresholds and higher UC PLQYs 
in MOF crystals have recently been retracted. In order to care-
fully examine these open issues – and to advance the use of 
MOFs for light-emission applications – we pursue two strate-
gies for increasing PLQY of SURMOFs. This is of relevance 
for optimizing UC in these crystalline systems, but also more 
generally for the pursuit of device applications.  

Currently, there is significant progress towards the applica-
tion of MOFs for illumination applications.26 However, the 
PLQY of linker chromophores often drops when they are 
arranged in close proximity within the crystalline lattice of a 
MOF. For example, the PLQY of MOFs recently used in a 
white light emitting diode was only a modest 10%.26 Strategies 
to improve the PLQY of MOFs are of significant interest for 
their deployment in a variety of applications, ranging from 
energy harvesting to illumination and the afore-mentioned 
photon UC.  

In this work, we investigate two strategies for the en-
hancement of PLQY of thin film SURMOFs. The first strategy 
involves constructing SURMOFs that contain a controlled 
mixture of optically-active (chromophore) and optically-
inactive (spacer) linkers. As the length of the chromophore 
and spacer linkers are the same, the chromophore linkers can 
be ‘diluted’ while the structure of the SURMOF remains un-
changed. By thus diluting the optically-active chromophore 
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linkers we could increase the PLQY, demonstrating that the 
interaction of neighboring chromophore molecules in the 
SURMOF reduces their PLQY. However, the optical absorp-
tion of the thin films is also reduced by this dilution; the opti-
cal density of the films becomes very small when the active 
chromophores are sparse. When employed as a phosphor layer 
in lighting, strong absorption is required, whereas the applica-
tion in photon UC by triplet-triplet annihilation or energy 
harvesting requires good exciton transport. As both these 
properties are lost in the system of sparse active chromo-
phores, the practical applications of this first strategy may be 
limited 

We therefore pursued a second strategy wherein we infil-
trated a SURMOF based on the optically-active chromophore 
linkers with an energy-accepting guest molecule that has a 
high PLQY. For this we chose coumarin dyes as they: 1) have 
high PLQYs, 2) exhibit a large overlap between their absorp-
tion spectrum and the emission spectrum of the linker chro-
mophore, and 3) have been shown to be very effective exciton 
acceptors when loaded into MOFs.11 At the optimum concen-
tration of the energy-accepting and light-emitting coumarin 
guest molecules, we could increase the PLQY of the couma-
rin@SURMOF system by an order of magnitude to values 
above 50%. Further, the strong absorption and good exciton 
transport properties of the SURMOF are maintained in this 
approach. 

In the final section of the paper we apply our techniques 
for improving the PLQY to the emitter layer in an UC hetero-
structure. We can reproduce the low thresholds reported in our 
previous work,25 but the UC-PLQY remains very low despite 
the improved PLQY of the emitter layer. We discuss this in 
terms of energy transport close to the heterostructure interface, 
and how further optimization of this transport is needed before 
the better PLQY of the emitter layer can be released in the 
upconversion heterostructure. These results confirm there is 
still excellent potential for the development of SURMOF 
heterostructures that precisely control excited-state motion in 
order to achieve novel and desirable macroscopic material 
properties. 

Results and Discussion 

Dilution of luminescent linker ADB in TPC SURMOF 

Our first strategy to increase the PLQY was to choose two 
linkers of similar length, one optically active and the other 
passive. We used ditopic carboxylic acid linkers that result in 
SURMOFs with P4 symmetry in the structural class known as 
SURMOF-2.27. The SURMOF fabrication was realized via 
spray-deposition of ethanol-based solutions under ambient 
conditions using the layer-by-layer approach described by 
Arslan et al.28,29 As the main building block we used 4,4′-
(anthracene-9,10-diyl)dibenzoate (ADB). As a first attempt to 
increase the PLQY we diluted the ADB molecules within a 
SURMOF made from p-terphenyl-4,4’-dicarboxylate (TPC), 
which has a similar length as ADB but can be considered 
optically inert (neither absorbing nor emitting light in the 
wavelength range we consider. 

We fabricate SURMOFs from a solution containing a mix-
ture of ADB and TPC linkers. In the synthesis process, Zn2+ 
“paddle-wheel” metal centers are coordinated by the ditopic 
linkers in order to form two-dimensional sheets standing per-
pendicular to the substrate.25,28,30 The closest proximity be-
tween two linkers in the SURMOF structure is in the direction 
between sheets (Miller index (010))  and is 0.6 nm as extracted 
from X-ray diffraction data by using the Bragg condition as 
shown in Figure S1. However, the close distance also leads to 
interactions between the ADB chromophores. The resulting 
aggregate-like behavior limits the PLQY of the ADB-based 
SURMOFs. We measured a PLQY of less than 5% for a 
SURMOF made of solely of ADB, whereas the PLQY of the 
linker molecule in solution is nearly 100%. We hypothesized 
that separating the ADB molecules from each other, as in a 
solution, would lead to a reduction of these losses. In order to 
test this hypothesis, we prepared coordination networks from 
mixed linker solutions. ADB was mixed during the synthesis 
with TPC. The strategy of using two similar or equally-sized 
linkers within a MOF was recently demonstrated by Dhak-
shinamoorthy et al.31 As TPC has the same length as ADB, it 
does not change the overall structure of the SURMOF. Addi-
tionally, TPC’s absorption bands lie at higher energies in the 
ultraviolet (UV); thus in the lower energy regime relevant here 
TPC is optically inert.  

We prepared four SURMOFs each with a different ratio 
between ADB and TPC: i) one was fabricated exclusively 
from ADB; ii) one with an ADB to TPC ratio of 1:1; iii) one 
with an ADB to TPC ratio of 10:1; and iv) one consisting of 
neat TPC. Time-resolved PL was used to analyze the temporal 
evolution of the excited states in each of the SURMOFs, as 
shown in Figure 1a. For each measurement, the emission in 
the wavelength range from 350 to 600 nm was monitored over 
the time window from 0 to 10 ns. All three samples containing 
ADB were excited at 350 nm. For completeness, the 
SURMOF containing only TPC was excited at 350 nm and the 
absence of any measurable signal confirmed the optical inert-
ness of this linker in the wavelength range of interest.  

Figure 1b demonstrates that the spectrum of the emission 
changes with time, indicating that two excited-state species 
with differing lifetimes exist within the samples. The red 
points indicate the center position of a Gaussian fit to the 
emission spectrum at various times after excitation, and the 
green dotted line a splined fit through these points to guide the 
eye. In all cases the emission shifts to the red in a similar 
manner with time: for pure ADB SURMOF the shift was 40 
nm (0.22 eV), while the shifts for the SURMOFs containing 
50% and 10% ADB were 45 nm (0.24 eV) and 50 nm (0.26 
eV), respectively. This indicates that the nature of the two 
states responsible for the emission remains similar across the 
samples. In the following, we discuss further the nature of 
these two states. 

 

 



 

 

Figure 1. (a) Schematic illustration of the mixed SURMOF fabricated from a zinc center coordinated by 4,4′-(anthracene-9,10-
diyl)dibenzoate (ADB) and p-terphenyl-4,4’-dicarboxylate (TPC) linkers; and streak camera measurements of SURMOFs made from 
100%, 50%, and 10% of ADB linkers excited at 350 nm. The red dots show the emission peak for each time and the green dashed curve is 
a guide to the eye provided by a spline function. The graphs in (b) and (c) show the PL spectrum and decay kinetics, respectively, of the 
two states responsible for the emission obtained by factoring the data shown in panel (a) using multivariate curve resolution. (b) The emis-
sion spectrum of the monomer-like (left) and aggregated state (right) for the various blend ratios. The spectrum of ADB in ethanol solution 
is plotted as a filled curve for comparison. (c) The population kinetics of the monomer-like and aggregate states. 

In order to gain more insight into the excited-state species 
leading to the luminescence, we factor the time-resolved emis-
sion matrices using the method of multivariate curve resolu-
tion together with a constrained alternating least squares algo-
rithm (MCR-ALS) using non-negativity constraints on both 
the spectra and kinetics.32 This gives a PL spectrum and popu-
lation decay profile for each of the two species; the spectra 
and kinetics are shown in Figure 1b and c, respectively. The 
MCR-ALS reveals a short-lived component whose spectrum 
and kinetics are shown on the left side of panel Figure 1b and 
1c (in blue colors) and a long-lived component whose spec-
trum and kinetics are shown on the right side of the panels (in 
red colors). The PL spectrum for the short-lived component 
has an emission maximum around 445 nm that coincides well 
with the emission spectrum of ADB in solution (plotted in 
Figure 1b as a filled curve) which has a maximum at 440 nm. 
We therefore hypothesize that this blue emission derives from 
monomer-like states in the SURMOF (molecular excited states 
within the SURMOF that are similar to that of individual 
molecules in solution). The second component exhibits a 
significantly redder emission; the emission maximum for all 
three samples is around 510 nm. We hypothesize that this 
emission arises from sites in the SURMOF where neighboring 
ADB chromophores can interact with each other, perhaps due 
to rotation of the anthracene units allowing closer contact 
between the anthracene cores of nearest neighbor chromo-
phores. 

In Figure 1c the lifetime profiles for the short- and long-
lived components are plotted. The monomer-like and the ag-
gregated PL transients were fitted with single-exponential 
decay functions and a lifetime was extracted. The lifetime of 
the short-lived component increases as the concentration of 
ADB is reduced from % 	0.37 0.01	 ns to %
0.50 0.01 ns to % 0.61 0.02 ns. For comparison, the 
decay of the ADB solution is shown, along with a fit revealing 
its lifetime to be 4.3 0.01	ns. These emission kinetics indi-
cate that the lifetime of the monomer-like species is strongly 
quenched in the SURMOF, and more strongly quenched the 
higher the ADB concentration is. We will consider this further 
when we examine the PLQY of these films below. 

In contrast, the lifetime of the long-lived state remained 
the same for all concentrations of ADB and is 3.3 0.3 ns. 
These time-resolved data give interesting insight into the pho-
tophyiscs of the system. The amount of aggregate formation 
increases with increasing ADB concentration, as revealed by 
the decreasing lifetime of the blue “monomer-like” emission. 
This is consistent with more ADB chromophore linkers having 
at least one nearest neighbor that is also an ADB chromophore 
in the SURMOFs with high ADB concentrations. However, 
even in the 10% ADB case, many aggregates are formed. The 
aggregate state appears to stay the same irrespective of the 
concentration based on the similar lifetime and spectrum of 
the aggregate emission across the samples. 

In Figure 2, we examine how the steady-state emission and 
PLQY is affected by this first strategy of changing the ADB 



 

linker fraction. As shown in Figure 2a, as the concentration of 
ADB is reduced the intensity of the PL increases and the max-
imum of the PL spectrum shifts to the blue. The maximum of 
the PL spectrum is at 450 nm for the 100% ADB sample, 440 
nm for the 50%, and 437 nm for the 10% sample. The blue 
shift with decreasing ADB fraction is consistent with more 
emission coming from monomer-like states in the dilute ADB 
samples, and less reabsorption in the dilute samples.  

The PLQY was measured according to the technique pre-
sented by de Mello et al.33 We find that the average internal 
PLQYs were 15±2, 8±4 and 4±3% for the samples made with 
10, 50, and 100% of ADB, respectively. Note that the averages 
and uncertainty bounds are based on three samples made for 
each ratio in independent fabrication runs and that the accura-
cy of our PLQY setup was checked using LUMOGEN violet 
(BASF) for which we obtained a PLQY of 98% in good 
agreement with previous measurements of 99-100% from the 
literature.34 We further note that the internal PLQY is defined 
by the ratio of the number of photons emitted to the number of 
photons absorbed.  

Given that the peak of the steady-state emission (shown in 
Figure 2a) closely matches the peak of the monomer-like 
emission found in Figure 1b, we conclude that the PLQY of 
the monomer-like states is much higher than the PLQY of the 
aggregate states and therefore the total PLQY is dominated by 
the emission from the monomer-like states. Under this as-
sumption, the PLQY can be calculated as follows: 

 ∙ , (1) 

where ,  and ,  stand for 
internal PLQY and PL lifetime of the monomer-like state in 
the SURMOF and solution, respectively. Using the values for 
the lifetimes presented above and the reasonable assumption 
that 100%, we can calculate estimates for the 
internal PLQY based on the kinetics of roughly 14±0.5, 
12±0.3, and 8±0.2%for the 10, 50, and 100% ADB samples, 
respectively. These PLQYs calculated from the kinetics agree 
reasonably well with the observed values, and allow us to 
conclude that a higher yield of aggregate formation at higher 
concentrations of ADB is the physical process that mainly 
limits the PLQY in these systems. 

Examining Figure 2 further, we will briefly discuss the ef-
fect of the changing fraction of ADB on the external PLQY, 
which is defined as the number of emitted photons divided by 
the number of photons incident on the sample. It is a figure-of-
merit of interest for many practical applications where the 
total brightness of the sample under a given illumination is 
important. The external PLQY is equal to the internal PLQY 
multiplied by the fraction of photons absorbed by the sample. 
Therefore, realizing a high external PLQY required the sample 
to exhibit not only a high internal PLQY but also strong ab-
sorption. Figure 2b illustrates that the absorption strongly 
decreases as the fraction of ADB within the SURMOF is re-
duced. This indicates that the external PLQYs are similar and 
below 1% for all three ratios, namely 0.66±0.1, 0.88±0.44, and 
0.68±0.51% for the 10, 50, and 100% ADB samples, respec-
tively.  

To summarize the results of the first strategy to enhance 
the SURMOF PLQY, the dilution of the ADB linker with an 
inert linker was found to increase the internal PLQY by a 
factor of two at a fraction of 10%. However, when the absorp-

tion is concurrently reduced, there is little gain in the external 
PLQY. In addition, further reduction in the ADB fraction are 
not desirable as the very small fraction of active linker in the 
SURMOF would compromise both absorption and excited-
state transport properties (these negative effects outweighing 
the likely better PLQYs in terms of practical applications). In 
the next section, we tackle the problem of increasing the 
PLQY while maintaining absorption and excited-state 
transport properties by using a second strategy: the introduc-
tion of acceptor chromophores in an ADB matrix. 

 

 

Figure 2 a) Steady-state PL spectra of the SURMOFs with vary-
ing ADB fractions together with the absorption spectrum of the 
ADB linker and the spectrum of the LED excitation source (375 
nm) that was used for the steady-state PL and PLQY measure-
ments. The PL spectra are normalized to the maximum internal 
PLQY, to demonstrate the difference efficiencies of emission 
between the samples. b) The internal PLQY, sample absorption, 
and external PLQY as a function of ADB linker proportion in the 
linker solution.  

Coumarin dyes infiltrated into ADB SURMOF 

In this second strategy, we constructed SURMOFs based on 
only ADB linkers and added a varying amount of one of two 
coumarin derivatives into the linker solution: a given concen-
tration of either coumarin 343 (C343) or coumarin 334 (C334) 
was added to the ADB linker solution. The overlap between 
the emission spectrum of the ADB SURMOF and absorption 
spectrum of C343 and C334 suggest that energy transfer 
should be efficient (see Figure S3). The main difference be-



 

tween C343 and C334 is that C343 has a carboxylic group 
whereas the C334 has a methyl ketone group in position 10. 
We hypothesized that the carboxylic group of C343 will lead 
to strong interaction within the SURMOF by the formation of 
hydrogen bonds. This was confirmed by infrared absorption 
spectroscopy (see Figure S4). Further evidence for a non-
covalent bonding of the C343 molecule within the SURMOF 
was realized by washing a C343-containing SURMOF via 
immersion in a solvent (such as toluene and ethanol) for three 
days. Although some of the C343 was washed out (leading to 
a slight blue-shift of the PL emission spectrum) most stays 
within the SURMOF supporting the conclusion that hydrogen-
bonding secures the guest C343 molecules within the 
SURMOF (see Figure S5). Figure 3a schematically illustrates 
these two cases. C343 is sketched as a green molecule that 
interacts with the SURMOF via the carboxylic group. C334 is 
shown in Figure 3a as a red molecule that does not form any 
hydrogen-bonds with the SURMOF. The sample is rinsed with 
ethanol in each synthesis cycle in the layer-by-layer deposition 
approach, which means that it is possible that a significant 
fraction of the C334 is washed out of the SURMOF. Using 
these two dyes allows us to clearly demonstrate that C343 is 
indeed interacting strongly with the coordination network, and 
show that the concentration of C343 inside the SURMOF can 
be controlled reliably. We note that a completely fabricated 
SURMOF can be loaded with C343 molecules by dropcasting 
a 20 µM solution ethanolic solution of C343 onto a pure ADB 
film (see Figure S6). However, the post-fabrication loading 
method lead to less control of the concentration of the C343 
molecules in the ADB SURMOF so we utilize the loading 
during SURMOF construction technique in the rest of this 
work. 

We fabricated samples using nine different molar ratios 
between the C343 or C334 guests and the ADB linker (30, 20, 
10, 5, 2, 1, 0.1, 0.02, 0.005% concentrations of the guest rela-
tive to the linker). Figure 3b illustrates the absorption and 
emission spectra of each of these SURMOFs. For comparison, 
we plot the absorption and emission spectra of C343 and C334 
solutions as filled curves in Figure 3b. Examining the C343 
data in Figure 3b, we see that the SURMOF emission peak 
correlates with the proportion of the dye in the linker solution. 
The emission of the 0.005% sample is still influenced by 
emission from the ADB, leading to an emission-maximum that 
is blue-shifted with respect to that of the C343 in solution. 
However, as the C343 concentration is increased the absorp-
tion peak at 440 nm steadily grows and the emission spectrum 

steadily shifts towards the red. The red-shifting of the PL 
spectrum with increasing concentration could be due to in-
creasing reabsorption of the blue C343 emission due to the 
growth of the absorption band centered at 440 nm plus some 
solvatochromic effect due to the hydrogen-bonding of the 
C343 chromophore red-shifting its emission energy (as has 
been observed for solvent environments).35  

In contrast, the ADB SURMOFs containing C334 (shown 
in red in Figure 3b) behave significantly differently. Firstly, 
irrespective of the C334 concentration in solution, there is no 
absorption peak at 440 nm in the SURMOF; the absorption 
spectrum of the SURMOFs remain unchanged over all the 
C334 concentrations. This indicates that significantly less 
C334 is taken up by the SURMOF. Although the emission 
spectrum is slightly altered by the small concentration of C334 
guest molecules in the SURMOF, there is no direct correlation 
between the maximum of the PL emission spectrum and the 
concentration of C334 in solution. The amount of C334 re-
tained as guest molecules in the SURMOF does not correlate 
with the concentration in solution, and therefore likely is in-
fluenced by the washing procedure. Figure 3c shows the wave-
length position of the PL maximum for SURMOFs with C343 
and C334 as a function of dye concentration in the initial 
solution. In the case of C343, clear evidence of a controlled 
introduction into the SURMOF is obtained as the peak steadily 
shifts. However, in the case of C334, the amount of dye uptake 
fluctuates, most likely due to an uncontrolled dependence on a 
varying amount of dye washed out in the rinsing cycle more 
than on the concentration of the dye in the sprayed solution. 
Comparing these data sets, we conclude that we are able to 
introduce defined amounts of C343 into the ADB SURMOF 
by controlling the amount of C343 in the linker solution.  

We next studied the PLQY in the donor-acceptor mixed 
SURMOFs with varying concentrations of C343 (see C334 in 
Figure S7). The PLQY of C343 in solution is 63%.36 Figure 4a 
shows the dependence of the PLQY as a function of the con-
centration of C343 in the linker solution. ADB SURMOFs 
containing C343 (C343@ADB) demonstrate a very interesting 
behavior. When the amount of dye is reduced from 30% to 1% 
the PLQY increases, reaching a maximum of 50±2% (average 
of three independently-prepared samples). We attribute the 
increase in PLQY with reducing C343 concentration in this 
regime to the reduction in reabsorption and interactions be-
tween C343 molecules as their fraction in the matrix decreas-
es.  



 

 

Figure 3. (a) Schematic drawings of ADB SURMOFs that are infiltrated with coumarin 343 (C343, green colored molecule) (upper draw-
ing) and with coumarin 334 (bottom drawing, red colored molecule). The dashed red line illustrates the interaction of C343 with the ADB 
SURMOF. Panel (b) shows the absorption and emission spectra of C343 and C334 solutions, both as filled curves. The solid curves show 
the absorption and emission spectrum of ADB SURMOFs infiltrated with different concentration of C343 (top) or C334 (bottom). (c) The 
peak position of the PL emissions is plotted in dependence of the fraction of C343 and C334 in the linker solution. 

We note that at 1% loading the XRD spectrum is un-
changed from the pure ADB sample. As the amount of C343 is 
reduced below 1%, the PLQY starts to decrease with decreas-
ing concentration, reaching 28% for a concentration of 
0.005%. The reduced PLQY at very low concentrations can be 
understood in terms of a reduced efficiency of energy transfer 
when the acceptor dyes are so sparse. At low concentrations of 
acceptor, there are volumes in the sample from which the 
emission must come from the ADB donor, as the excited state 
on the donor cannot reach an acceptor within its lifetime. The 
combination of both effects, high reabsorption for high con-
centrations and low energy transfer efficiency for low concen-
trations lead to an optimum value, which is in this case at ~1% 
C343 dye in the ADB linker solution. To verify the reproduci-
bility of this approach we prepared three samples at each con-
centration of 2%, 1% and 0.1% and found that the maximum 
was always at 1% of C343 (see Figure S8).  

Singlet exciton dynamics within ADB SURMOF 

Even when the concentration of C343 is low, its effect on 
the PL emission spectrum and PLQY is still observable and 
systematic. This suggests that energy can move rapidly within 
the ADB SURMOF. A first rough approximation of the diffu-
sion length can be made by assuming diffusion occurs primari-
ly in the direction of the 0.6 nm spacing between linkers on 
adjacent sheets. Given the PLQY of the SURMOF constructed 
from the solution with 1% coumarin is roughly equivalent to 
the PLQY of coumarin in solution, we can approximate that 
all excitations reach an acceptor in this SURMOF. We note 
that this is consistent with the recent results using coumarin 
acceptors in truxene MOFs wherein over 90% energy transfer 
efficiency was also observed for a 1% coumarin doping 

level.11 We can use the high level of quenching in this 
SURMOF fabricated with the 1% coumarin solution to esti-
mate the diffusion lengths of excited-states on the ADB link-
ers in these SURMOFS. Based on the nearest neigbour separa-
tion of 0.6 nm and assuming that the C343 remains at a 1% 
dilution as it was in the solution, we estimate a separation of 
acceptors on the linear row of nearest neighbor chromophores 
of about 60 nm. Therefore, we approximate a diffusion length 
of roughly half this distance, namely 30 nm. We note that the 
ratio of linkers in the SURMOF could well be different from 
the known ratio in solution, and is not easy to quantify. We 
can estimate the ratio of the donor and acceptor molecules in 
the SURMOF by evaluating the ratio of the ADB absorption 
peak at 360 nm and the C343 absorption peak at 450 nm in the 
SURMOF and referencing this absorption ratio to a solution of 
known concentration (see Figure S9). From this analysis, we 
obtain that the sample containing 1% of C343 in the linker 
solution results in SURMOF with 0.6% of C343 in the 
SURMOF, which would increase the average separation to 
100 nm. Therefore, our rough estimate of the diffusion length 
in our system give values in the range of 30 to 50 nm. Such an 
exciton diffusion length is long compared to many organic 
semiconductors,37-39 but comparable to singlet diffusion 
lengths reported chromophores ordered in nanochannels,40 and 
for anthracene crystals.41 Furthermore, it is in good agreement 
with the more rigorously determined singlet exciton diffusion 
lengths of 48 nm for the truxene MOF system,11 and also the 
net motion of excitons 52 nm in a porphyrin-based MOF 
(where we calculate this length from the reported average 
absolute displacement of 45 linkers and the nearest-neighbor 
separation of 1.15 nm).13 



 

 

 

Figure 4. (a) The internal and external PLQY of ADB SURMOFs 
infiltrated by C343 as a function of the concentration of the dye in 
the ADB linker solution. Samples with 2%, 1% and 0.1% of C343 
were prepared and investigated three times to estimate the error, 
which is indicated by the error bar. (b) Photo of five ADB SUR-
MOFs samples with C343 upon illumination by a UV lamp 
(λex=375 nm). The concentration of C343 in solution relative to 
the ADB linker from left to right is 0.005, 0.1, 1, 10, and 30%. 

To look at the motion of excited-state species in the ADB 
SURMOF in more detail, we examined the excited-state anni-
hilation in the pure ADB SURMOF. We recorded the time-
integrated emission spectra as a function of excitation fluence 
using 400 nm femtosecond pulses. This allows us to analyze 
the mobility of the excited-state species through the reduction 
of the emission efficiency due to singlet-singlet annihilation 
(SSA) at higher intensities. Figure 5a demonstrates that the 
emission spectrum blue-shifts as the excitation fluence in-
creases. This is explained by the redder aggregate emission 
being quenched relative to the short-lived blue monomer-like 
emission at higher fluences. This suggests that there is more 
annihilation between the longer-lived aggregate species than 
the monomer-like species and that they therefore likely con-
tribute to the transport of energy to the C343. The overlap 
between the emission of the ADB aggregate state and the 
absorption of the C343 is shown in Figure S3. 

To analyze the motion of excited states in the ADB in 
more detail, the time-integrated PL intensity as a function of 
excitation intensity is plotted for both the aggregate and mon-
omer-like species in Figure 5b. Both emissions of monomer-
like species (emission integrated from  440–460 nm) and the 
aggregate state (emission integrated from 550-750 nm) shows 
a sublinear dependence on the excitation fluence. This indi-

cates that both species move and annihilate during their life-
times.  

 

Figure 5. (a) Normalized time-integrated emission spectra of a 
pure ADB SURMOF excited with different pulse energy densi-
ties. (b) Spectrally integrated PL intensities (normalized to maxi-
mum) as functions of the initial singlet density S , which is fur-
ther explained in the text. The data were fit to determine ratio of 
the bimolecular annihilation coefficient to the monomolecular 
decay rate, with the estimates of the monomolecular decay rates 
from above, the bimolecular annihilation coefficient can be de-
termined for the aggregate and monomer state (see text). 

We note that absorption saturation does not contribute to 
the nonlinearity; the absorption as a function of fluence re-
mains linear as shown in the SOI (see Figure S10). In order to 
extract information about the excited-state diffusion from 
these data, one can express the decay of the monomer and 
aggregate state by a mono and bimolecular term: 

 , (2) 

where  is the excited-state density,  the monomolecular 
recombination constant and  the bimolecular recombination 
constant. In the case of three-dimensional diffusion,  can be 
accurately approximated as being time-independent. With 

0  as the initial aggregate state population the 
solution for the above rate equation is (see section S VIII for 
calculation details): 

 
exp

. (3) 

The recorded emission intensity for a given excitation in-
tensity corresponds to the integral of this solution over time 
and the following analytical expression for this can be derived: 



 

 ln 1 , (4) 

where  is the intitial density of aggregate states and can be 
estimated as the total number of photons absorbed. This slight 
overestimate neglects the minority of excited-states that decay 
to the ground state via monomer-like species, which will lead 
to a slight underestimate of the diffusion length of the aggre-
gate. The initial excitation density can be calculated from the 
pump fluence, the fraction of excitation photons absorbed 
(7%), and the film thickness (140 nm).  

The data can be fitted with the expression derived, which 
has the ratio /  as the only fitting parameter. We fit equation 
(4) to the data shown in Figure 5b and extracted for the aggre-
gate state ⁄ 2.16 0.14 ⋅ 10 	cm³ and for the mon-
omer state ⁄ 0.22 0.05 ⋅ 10 	cm . Knowing that  
is the inverse of the lifetime  from Figure 1b and 1c for the 
monomer (0.37 ns) and for the aggregate emission (3.3 ns), we 
calculate the bimolecular recombination rates to be 

6.55 0.85 ⋅ 10 	cm /s and 
5.95 0.71 ⋅ 10 	cm /s The bimolecular recombination 

rate is related to the diffusion length 6 /  (assuming 
three-dimensional diffusion) 39 by: 

 
4
3

, (5) 

where  is the effective interaction radius of the annihilation. 
This gives us an estimate for the the aggregate state 
5200 300	nm  and for the monomer state 525
120	nm  

As the time-resolved emission strongly suggests that the 
aggregate states spread at least over two ADB molecules, we 
estimated  to be at least 2 nm, giving us a diffusion length 
of at most 51 2	nm For the monomer state we 
assumed that the interaction radius should be restricted to 
single ADB molecules, ~1 nm. This results in a diffusion 
length of 23 3	nm for the monomer state. 
These diffusion lengths agree well with the earlier diffusion 
length rough estimation from the PLQY measurements, sug-
gesting that both the monomer-like and aggregate state can 
transport energy to the C343 acceptors. 

However, the assumption of three-dimensional diffusion 
may well not be justified because the non-isotropic arrange-
ment of dyes within the SURMOF could well lead to preferen-
tial energy transport into a certain direction. For the ADB 
SURMOF the lattice constant into (100) and (101) direction is 
2.2 nm but is 0.6 nm into (010) direction.25 This consideration 
makes a preferable one-dimensional transport in the (010) 
direction likely. In the case of one-dimensional transport  is 
time dependent:42 

 4
√2

. (6) 

Solving the rate equation with this time dependent  leads 
to following solution: 

 
exp

2 erf √ 1
, (7) 

with erf  being the error function and 2 ⁄  the 
one-dimensional diffusion length. There is not an analytic for 
the integral  expression, but the integral can be 
taken numerically and input into a non-linear regression meth-

od to fit the parameter  (  is kept constant at the known 
value determined by the inverse lifetime). Performing the non-
linear regression leads to 	

655 20	nm 	for	the	aggregate	state and 
145 23	nm  for the monomer state. 

Here we see that the estimate of dimension length for one-
dimensional diffusion depends more strongly on the interac-
tion radius.38,42 Assuming interaction radii ( ) of 1, 2, 3 and 4 
nm would result in diffusion lengths  of  655, 163, 
72, and 41 nm respectively for the aggregate state. For the 
monomer state the corresponding diffusion lengths  
are 145, 36, 16 and 9 nm. The latter increased interaction 
radius results in a diffusion length that seems the most physi-
cally reasonable. 

At this stage, we conclude that the significant transport 
lengths that underlie the improved PLQY in the C343 guest 
samples are achieved due to good exciton diffusion, both in 
the monomer and in the aggregate state. Additionally, a large 
interaction radius may play a role, which is due to either delo-
calization of the excited states or the possibility of longer-
range interaction of the exctited-states through a Förster 
mechanism (FRET) as found for the truxene MOFs.11 

The precise details explaining the physical basis for energy 
transfer in MOFs are an interesting area for further explora-
tion. For exciton transport through aggregates, a controlled 
position of the molecules in space is critical.43 Such control 
has been previously been shown to enhance the efficiency of 
organic photovoltaic devices.44  Similarly, crystalline order is 
known to be critical for achieving long diffusion lengths.45 
SURMOFs therefore should provide a platform wherein excit-
ed-state diffusion can be accurately adjusted, and long diffu-
sion lengths engineered. Additionally, investigation of the role 
of reduced dimensionality in the energy transfer processes due 
to the asymmetry in the lattice directions is of further interest. 

Utilization  of  C343@ADB  in  an  upconversion 
SURMOF heterostructure 

In order to test the efficiency of the newly developed 
C343@ADB SURMOF, we used it as an emitter layer in a 
photon UC SURMOF heterostructure wherein the sensitizer 
layer was built with a Pd-porphyrin based linker [(5,10-bis(4-
carboxyphenyl)-10,20-diphenylporphyrinato)palladium(II)] 
(Pd-DCP). We have previously shown triplet states can be 
transferred from the sensitizer to emitter SURMOF layers in 
order to allow triplet-triplet annihilation-based photon upcon-
version (TTA-UC).25 Hitherto the emitter layer was a pure 
ADB SURMOF, here we use instead the C343@ADB in the 
hope of significantly increasing the UC PLQY. 

The SURMOFs were deposited via a spin-coating tech-
nique, wherein one deposition cycle consists of spin-coating a 
metal center solution (0.2 mM) followed by the linker solution 
(20 µM).46 To prepare the bilayers, after a given number of 
cycles of the emitter layer, the linker solution was changed to 
the sensitizer and a further number of cycles of the sensitizer 
SURMOF were grown onto the emitter SURMOF. This spin-
coating method leads to SURMOFs with lower surface rough-
ness as compared to spray-coated SURMOFs previously 
used,25 as observed by scanning electron microscopy (Figure 
S11).  

We created four samples, one C343@ADB SURMOF (10 
cycles) with 1% C343 in the linker solution, one pure Pd-DCP 
SURMOF (10 cycles) and two bilayers in which the first layer 



 

is the 1% C343@ADB SURMOF (10 cycles) and the second 
layer is a Pd-DCP SURMOF made from either 4 or 8 cycles. 
Figure 6a shows the coplanar XRD of the Pd-DCP SURMOF, 
the C343@ADB SURMOF and the Bilayer (8 cycles Pd-
DCP). The position of the XRD scattering peaks in the bilayer 
agrees well with a sum of the scattering peaks coming from its 
individual layers.27 This indicates the structural quality of the 
individual layers are maintained in the bilayer samples. The 
Pd-DCP shows the first order of the (001) orientation at 3.7°. 
Using the Bragg condition, this translates to a lattice constant 
of 2.4 nm. The C343@ADB (1%) SURMOF shows the first 
order of the (001) at around 4.1° corresponding to a lattice 

constant of 2.2 nm. Using the Scherrer equation  and the width 
of the first order XRD peaks, it is possible to estimate the 
growth rate of each SURMOF. For the C343@ADB, a growth 
rate of ~2 nm per cycle was inferred and for the Pd-DCP a 
growth rate of ~2.4 nm per cycle. It is worth mentioning, that 
the spin-coating gives more precise control over the SURMOF 
thickness than the spraying technique, where a faster growth 
rate of 10-15 nm per cycle was inferred. The C343 is also 
incorporated into the SURMOF in the spin-coating fabrication 
technique, as confirmed by optical absorption measurements 
of C343@ADB SURMOF samples (Figure S12). 

 

 

Figure 6. (a) Coplanar XRD showing the crystallinity and orientation of the Pd-DCP SURMOF, the C343@ADB SURMOF and the bi-
layer made from C343@ADB SURMOF and 8 cycles of Pd-DCP SURMOF. The peaks are labeled with the orientation. Additionally, the 
dashed lines indicate the composition of the bilayer from the monolayers. (b) PL emission spectrum of the two bilayers together with the 
emission spectra of ADB monomer emission and C343@ADB emission as filled curves. (c) Schematic of the SURMOF heterostructure 
bilayers together with the flow of triplet excitons across the interface. The sensitizer triplets, TS, generated in the Pd-DCP SURMOF (or-
ange sheets) can reach the interface and transfer across it to create emitter triplet states, TE, on the C343@ADB SURMOF (blue sheets). 
Assuming the predominance of one-dimensional diffusion the TE states will stay near the interface, and upon their annihilation the singlet 
emitter, SE, can have a high probability to transfer energy back to the Pd-DCP SURMOF. (d) Intensity dependence measurements for the 
UC emission of both bilayers together with the analytic fit (solid lines) and the approximated asymptotes (dashed lines) with a slope of two 
and one respectively. Additionally, thresholds from the analytic fit and the approximated asymptotes (indicated by an asterisk) are noted.   

Figure 6b shows the emission spectra of the two bilayers using 
a 532 nm continuous-wave laser excitation source. The emis-
sion above 550 nm comes from the sensitizer Pd-DCP 
SURMOF. However, The UC emission below 500 nm is due 
to triplet-triplet annihilation in the emitter C343@ADB 
SURMOF. Surprisingly, the peak of the emission does not 
coincide with the peak position of the directly-excited 
C343@ADB (1%) SURMOF, shown as a cross-hatched curve 
in Figure 6b. Instead, the peak position agrees well with the 
emission peak of a pure ADB monomer emission, which is 
shown as a single-hatched curve. However, if the C343@ADB 
(1%) emitter layer that is part of a bilayer is directly excited 
(at 370 nm) the maximum of the PL spectrum is only slightly 
shifted to the blue as compared to that of a normal 

C343@ADB (1%) layer (see Figure S13). Therefore, there is a 
clear difference between the emission spectrum of the 
C343@ADB (1%) bilayer when it is excited via triplet-triplet 
annihilation versus when it is excited by normal photon ab-
sorption. 

To explain this difference in emission spectrum between 
direct excitation and excitation via triplet-triplet annihilation 
we hypothesize that the distance of the excited-states from the 
sensitizer interface and FRET transfer of the singlet state to 
the sensitizer layer play key roles. We hypothesize that, due to 
the exponential falloff of the Dexter rate with separation, the 
triplet transport in the emitter layer is significantly easier 
between sheets (0.6 nm separation between chromophores) 
than within a single sheet (2.2 nm separation between chro-



 

mophores). As schematically shown in Figure 6c, this means 
that triplets will not move away from the interface but rather 
stay in the portion of the emitter layer close to the sensitizer 
layer. Thus, the singlets created by triplet-triplet annihilation 
will also be close to the interface, and easily able to transfer 
back to the sensitizer through FRET if there emission overlaps 
with the sensitizer absorption. As shown in Figure S14, the 
absorption of the Pd-DCP SURMOF starts to increase at 510 
nm overlapping well with the aggregate and C343 emission. 
This would allow excited-states that move to the C343 accep-
tor to subsequently move back to the sensitizer; the efficient 
transfer back to the sensitizer from the C343 effectively 
quenching its emission. The few monomer-like states on the 
ADB that emit before energy is transferred to a redder state 
would therefore be responsible for the weak upconversion that 
is observed. 

When excitons are created through the entire thickness of 
the emitter layer by direct optical excitation of the emitter, the 
spectrum of the emitter layer of the bilayers is slightly shifted 
to the blue as compared to the lone 1% C343@ADB SUR-
MOFs. This also suggests that although there is a large contri-
bution to the emission in the bilayer’s emitter from C343 that 
are far enough away from the interface that they are not effi-
ciently quenched by back-transfer, C343 excited-states are 
more effectively quenched by back-transfer than monomer-
like states (thus explaining shift between the PL spectra). To 
further examine this hypothesis, we collected the time-
resolved emission of the bilayers using the Streak camera 
setup (see Figure S15). Using a 380 nm excitation wavelength, 
we directly excited the ADB of the bilayers and the pure 
C343@ADB emitter layer. At emission wavelengths from 
470-510 nm (corresponding to PL from C343), the PL lifetime 
of the bilayer is significantly shorter than that of the 
C343@ABD. This indicates that the C343 excited-states in the 
bilayer can indeed be quenched by transferring back onto the 
sensitizer layer. The PL from 410-450 nm, stemming from the 
monomer-like ADB states, is not as strongly quenched; the 
lifetime in the bilayer is only slightly shorter than in the 
C343@ABD alone. These observations are consistent with the 
hypothesis that the upconverted emission comes from a small 
amount of emission from the monomer-like state before it can 
transfer to C343. Unfortunately, the C343 emission – that 
would be much stronger – is not observed due to the fast re-
turn of the excited-state on the C343 back to the sensitizer 
layer. 

Although this back transfer of singlet excitons drastically 
reduces the quantum efficiency of the upconversion emission, 
it has little effect on the upconversion threshold.47 The data 
measured for the UC intensity as a function of excitation in-
tensity are shown in Figure 6d. These data were fitted with a 
theoretical curve for the intensity dependence derived from the 
rate equations for TTA-UC (albeit in a homogeneous solu-
tion).47 Additionally, this approach is compared with estima-
tion of the threshold by overlaying the low-intensity data 
points with a line whose slope is 2 and the high intensity data 
points with a line whose slope is 1. The threshold can then be 
approximated as the intensity at which these two lines cross. 
The bilayer with the thinner Pd-DCP layer has a threshold of 
1.9±0.2 mW cm-2 extracted by the fit to the analytic curve and 
a threshold of 1.4±0.2 mW cm-2 extracted by the intersection 
of the two asymptotes. In comparison, the bilayer with the 
thicker Pd-DCP SURMOF shows a threshold of 1.4±0.1 mW 
cm-2 extracted by the fit and a threshold of 1.0±0.2 mW cm-2 

extracted by the two asymptotes. These low thresholds are 
consistent with our previous observations,25 and the low 
thresholds measured in layered structures by Hanson et al.48 

In order to achieve high quantum efficiency with the low 
threshold, further work is necessary to better engineer the 
excited-state energy flow and create a greater distance be-
tween the singlet states created by triplet-triplet annihilation in 
the emitter and the sensitizer-emitter interface. For example, a 
first promising strategy would be to rotate the SURMOF 
sheets with respect to the interface, so that the triplet transport 
towards and away from the interface is faster. In addition, 
using a bridging layer between the sensitizer and emitter lay-
ers that would allow triplet transport but suppress singlet exci-
ton back-transfer could increase the quantum efficiency.   

Conclusions 

We studied two approaches for enhancing the luminescent 
properties of thin film ADB SURMOFs. Though the PLQY of 
ADB SURMOFs is low due to the formation of aggregate-like 
states, we found that the PLQY can be enhanced by fabricat-
ing a SURMOF in which the ADB linker is diluted with an 
optically inert linker, or by introducing C343 as an acceptor 
molecule in a pure ADB SURMOF. The first strategy was 
effective in raising the internal PLQY, but at the cost of lower-
ing the absorption and the excited-state transport properties. 
The second strategy led to enhancement of the internal PLQY 
and external PLQY without sacrificing excited-state transport 
properties. 

By varying the concentration of C343 we obtained an op-
timized internal PLQY of 52%, approaching the 63% of the 
C343 linker in solution. This result implies good excited-state 
energy diffusion in the donor (ADB) molecules in order that 
excited states can reach the acceptors (C343). Investigation of 
the intensity dependence of the PL of a pure ADB SURMOF 
revealed that the aggregate-like states have a longer diffusion 
length than the states responsible for the monomer-like emis-
sion. This suggests that the aggregate states may be the main 
long-distance energy carrier in the SURMOF, and play a role 
in bringing energy to the C343 acceptors.  

Energy transport in SURMOF structures is of on-going in-
terest. The SURMOF’s rigid geometry fixes the separations of 
the linkers so that their separation is small enough to allow 
transport, but large enough to limit the intermolecular interac-
tions that lead to aggregation. Further fine-tuning of these 
crystalline structures may result in strategies to engineer long 
excited-state transport lengths in specific crystallographic 
directions. Our initial analysis of singlet transport in the ADB 
layer suggests that significant singlet exciton transport lengths 
(~ 50 nm) are reached in these crystalline thin films. 

The C343@ADB SURMOFs are of general interest for 
applications requiring good PLQY. We investigated them for 
the specific application as an emitter layer for TTA-UC and 
found that hurdles remain to unlocking the potential of these 
emitter layers in upconversion. The emission spectrum of the 
C343@ADB SURMOF reverts to that of the monomer-like 
component of a pure ADB SURMOF upon excitation via 
triplet-triplet annihilation in a sensitizer/emitter SURMOF 
heterostructure. This suggests that transport of the triplets in 
the emitter away from the sensitizer/emitter interface is very 
limited. This allows for a very efficient back transfer of sin-
glets generated by triplet-triplet annihilation in the emitter 
back into the sensitizer layer (especially from the singlets on 



 

the C343 acceptor). This back transfer mechanism counteracts 
the sought improvement of the UC PLQY in the ABD/C343 
emitter layer. To overcome this hurdle, transport of triplets 
further into the emitter layer must be achieved, we are seeking 
to alter the orientation of the SURMOFs with respect to the 
heterojunction in order to favor transport in the direction per-
pendicular to the heterostructure interface. Favoring triplet 
transport towards and away from the interface should enhance 
the UC PLQY by decreasing the back-transfer with respect to 
the current situation wherein transport along the interface is 
favored. Although work remains to improve the UC PLQY to 
relevant levels, the potential of UC in dense ordered systems is 
confirmed in terms of access to low thresholds. 

Experimental Section 

Synthesis of ADB SURMOF 

The 4,4′-(anthracene-9,10-diyl)dibenzoate (ADB) SUR-
MOFs were prepared by following a liquid phase synthesis 
approach49. Microscope cover slides were cleaned in an ace-
tone ethanol (1:1 v/v) solution. The surface was further 
cleaned using UV radiation and the hydrophilicity was in-
creased by the creation of hydroxyl groups on top of the glass 
slide. Two solutions were prepared. One solution containing 
the organic linker (20 µM) and the other solution the coordina-
tion metal (0.2 mM). Both were sprayed cycle-wise on to the 
cover slips (15 seconds metal solution, 35 seconds waiting, 5 
seconds rinsing with ethanol, 25 seconds linker solution, 35 
seconds waiting, 5 seconds rinsing). For all samples 10 cycles 
were used. After preparation, the samples were immediately 
characterized and stored in the dark to minimize the effects of 
degradation.  

Synthesis of ADB/TPC SURMOF 

The SURMOFs with different ratios of ADB and p-
terphenyl-4,4’-dicarboxylate (TPC) were prepared in a similar 
fashion to the ADB SURMOF. However, a certain amount of 
TPC was added to the ADB linker solution to give a desired 
molar ratio between ADB and TPC. We choose to use the 
molar ratios between ADB and TPC linker. For the 1:1 ratio 
the same amount of ADB and TPC solutions were mixed, both 
with a molar concentration of 20 µM. For the 10:1 ratio ten 
times the amount of TPC was added to an ADB solution. The 
samples were characterized immediately after preparation and 
stored in the dark to minimize effects of degradation.  

Synthesis of C343@ADB and ADB/C334 SURMOFs 

The infiltration of coumarin 343 (C343) and coumarin 334 
(C334) was achieved by mixing the ADB solution together 
with the dye solution in fixed molar ratios (in mol. %: 30, 20, 
10, 5, 2, 1, 0.1, 0.02, 0.005). The mixture was sprayed as be-
fore. After preparation, the samples were immediately charac-
terized and stored in the dark to minimize the effects of degra-
dation.  

Synthesis of spin‐coated SURMOFs  

The solution preparation was the same as for the spray 
coated SURMOFs. For Pd-DCP linker a concentration of 20 
µM was used. The substrate was put onto the chuck of a spin-
coater and whilst spinning sequentially covered with the link-
er, an ethanol rinse, and then metal solution before repeating 
the process again from the linker step. For all steps the spin-
ning speed was 2000 RPM. 

Infrared reflection‐absorption spectroscopy  

The infrared reflection-absorption spectra were acquired 
with a resolution of 2 cm−1

 using a FTIR spectrometer (Bruker 
VERTEX 80) under ambient conditions. 

X‐Ray Diffraction (XRD): 

For the coplanar orientation, a Bruker D8 Advance instru-
ment was used. The data were recorded over a 2θ range of 
3.5–15°. The X-ray source was a Cu-anode with Cu Kα1,2 
radiation with a wavelength of 0.15419 nm.  

Absorption measurement 

Absorption spectra were measured by using a Perkin-
Elmer 950 spectrophotometer. 

PLQY and steady state emission measurement 

The PLQY measurements were performed according to de 
Mello et al.33 The samples were excited inside an integrating 
sphere with 150 mm diameter using a 375 nm collimated beam 
from a LED. A fiber-coupled Avantes spectrometer was used 
to record the PL emission. 

Time resolved PL measurement 

A Hamamatsu Universal Streak Camera C10910 with Ac-
ton SpectraPro SP2300 spectrometer was employed for the 
time-resolved PL measurements. Lifetime measurements 
within a 12.5 ns window were performed using a Coherent 
Chameleon Compact OPO, which was pumped by a Chamele-
on femtosecond oscillator. The ADB SURMOF and the 
ADB/TPC SURMOF were excited at 350 nm. The spin-coated 
samples were excited at 380 nm. All samples were maintained 
under dynamic vacuum at pressures <10-4

 mTorr to reduce the 
photo degradation due to oxygen exposure.  

Fluence dependent measurement 

For the fluence dependent PL measurements a femtosec-
ond Ti-sapphire amplifier (Spectra-Physics Spitfire) was used 
with a pulse frequency of 3 kHz. The beam size was focused 
and measured to be 55 µm in diameter. The emission was 
collected with a gated camera (Princeton Instruments iCCD 
Pimax3).  

Upconversion emission characterization 

The sample was excited with a 532 nm continuous wave laser 
and the emission spectrum was measured with a double mono-
chromator (Bentham DTMS300) and a photomultiplier tube 
(Hamamatsu R928P). The emission was collimated into the 
monochromator by two 2” lenses. The emission was chopped 
after a short-pass filter with a fixed frequency and the signal 
was measured by a lock-in amplifier (Stanford SR830 DSP). 
The sample was held under dynamic vacuum at pressures 
<10−4 mTorr to exclude oxygen quenching from altering the 
performance of the UC film. 
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