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A B S T R A C T   

Directly coordinating transition metal catalysts to the linkers of stable metal organic frameworks (MOFs) is a sleek solution to increasing the longevity of the catalyst. 
Photoluminescence metal complexes incorporated in MOFs have risen in interest lately. Particularly, Re(bpydc)(CO)3Cl (bpydc = 2,2’-bipyridine-5,5’-dicarboxylic 
acid) doped zirconium-based MOFs (Re-UiO-67) and their use in the photocatalytic reduction of CO2 have attracted considerable attention. Nonetheless, the pho-
tophysical characteristics of Re-UiO-67 as a function of loading have not been well explored. Here we analyzed the structural and compositional properties of Re-UiO- 
67 and showed that the photoluminescence properties of rhenium doped MOFs, including emission intensity, maximum, and lifetime, can be tuned by changing the 
rhenium loading. The photoluminescence of the film made of Re-UiO-67 exposed to different vapors also exhibited vapoluminescence, luminescence vapochromism, 
and vapotemporism. Understanding of photophysical properties of the Re-doped MOFs material could provide guidance for further photocatalytic, solar energy 
conversion and sensing applications.   

Introduction 

Metal organic frameworks (MOFs) are a class of supramolecular 
scaffolds that self-assemble into a 3D crystal lattice composed of metal 
oxide clusters forming nodes and organic molecules as linkers often 
having multiple carboxylic acid functional groups to bond the metal 
clusters together. The shape and pore size of the MOFs can be tuned by 
both the organic linker and the metal cluster; these changes also affect 
other physical properties such as stability [1] and electronic structure 
[2]. MOFs have been designed and developed for gas storage [3], 
chemical sensing [4,5], catalysis [6,7], drug delivery [8,9] and many 
other applications. Many have been modified to encapsulate transition 
metal complexes inside the pores, as well as the incorporation of metal 
complexes into the framework for many of these applications [5,10-20]. 

One particular class of MOF is UiO-67. This MOF possesses nodes 
composed of Zr6O4(OH)4 with twelve biphenyl-4,4’-dicarboxylic acid 
(bpdc) linkers at each node [21]. This forms two sets of cavities, large 
octahedral cavities with an internal diameter of 23 Å, and smaller 
tetrahedral cavities with a diameter of 11.5 Å [22]. The strong inter-
connectedness of the structure makes the UiO-67 MOF more mechani-
cally and thermally stable than isoreticular MOFs, in both organic and 
aqueous solutions [23,24]. These properties make UiO-67 MOF 

attractive for a variety of applications involving framework modifica-
tion. For example, the bpdc linker can easily be replaced in the synthesis 
of the MOF by a bipyridine dicarboxylic acid (bpydc) linker, allowing for 
transition metal complexes such as [Ru(bpydc)(bpy)2]2+, [Ir 
(ppy)2(bpydc)]+, and Re(bpydc)(CO)3Cl to be incorporated into the 
framework as antenna, or catalysts [25–28]. 

Rhenium has been used in several MOFs as both the metal cluster [4, 
29,30] and the complex bound to the organic linker [31,32]. 
Rhenium-containing MOFs have been used as chemical sensors (e.g. 
mercury [33]) and photocatalysts (see below). A well-studied reaction 
for rhenium carbonyl complexes is the photocatalytic reduction of car-
bon dioxide [34,35]. For example, Lin et al. synthesized 4.2 wt % Re 
(bpydc)(CO)3Cl doped UiO-67; this MOF produced similar carbon di-
oxide to carbon monoxide turnover as Re(bpy)(CO)3Cl on short irradi-
ation times, but after extended irradiation the MOF outproduced the 
parent Re complex [25]. Because Re(bpydc)(CO)3Cl complexes are 
physically held apart in the MOF, the reduction can only occur through 
the unimolecular pathway. Lin et al. then showed similar results with an 
extended framework incorporating a 4,4′-(2,2′-bipyridine-5,5′-diyl) 
dibenzoate linker [36]. On the other hand, Yaghi et al. also incorporated 
Re(bpydc)(CO)3Cl into UiO-67 for CO2 reduction, however, they grew 
the MOF on silver nanocubes to use plasmon-enhanced photocatalysis 
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[26]. They found three Re(bpydc)(CO)3Cl per Zr6O4(OH)4 cluster ach-
ieved the highest catalytic turnover and the Re-MOF on the silver 
nanocube support was a better photocatalyst and was more stable in the 
long-term than the free Re complex. 

Despite the application of rhenium doped MOFs in CO2 photo-
catalysis, the effect of Re(bpydc)(CO)3Cl loading on the photophysical 
characteristics of these MOFs remains unexplored. In this work we 
synthesized different loadings of Re(bpydc)(CO)3Cl doped UiO-67 (Re- 
UiO-67, see Fig. 1), and thoroughly characterized their structural and 
photophysical properties. Furthermore, we show that Re-UiO-67 display 
changes in photoluminescence emission intensity, maximum, and life-
time when the material is exposed to solvent vapors. 

Materials and methods 

Synthesis 

Re(bpydc)(CO)3Cl: [25] Following Wang et al. [Re(CO)5Cl] (0.181 
g, 0.5 mmol) and 2,2’-bipyridine-5,5’-dicarboxylic acid (0.122 g, 0.5 
mmol) were dissolved in 50 mL of nitrogen purged methanol and 
refluxed for 24 h. The reaction was then cooled to room temperature and 
the orange product was achieved by removing the solvent using a rotary 
evaporator. Yield 97 %. 1H NMR (500 MHz d6-DMSO) 9.33 ppm (2H, J 
= 0.7, 1.9, dd) 8.98 (2H, J = 0.6, 8.6, dd) 8.75 (2H, J = 1.9, 8.4, dd). 
COOH not observed. 

UiO-67: Modifying the procedure by [22] Katz et al. ZrCl4 (0.0093 g, 
0.04 mmol) and acetic acid (0.5 mL) were sonicated for 10 min in 10 mL 
DMF. Biphenyl-4,4’-dicarboxylic acid (bpdc) (0.0097 g, 0.04 mmol) was 
added and sonicated for another 10 min then placed in an oven at 110◦C 
for 20 h. Once cooled to room temperature, the powder was washed with 
DMF (2×5 mL) and MeCN (3×5 mL) and dried in a vacuum oven at 60◦C 
overnight. 

Re-UiO-67: The Re complex was incorporated into the framework 
during synthesis with a similar protocol as above. ZrCl4 (0.0093 g, 0.04 
mmol) and acetic acid (0.5 mL) were sonicated for 10 min in 10 mL 
DMF. Bpdc (0.0097 g, 0.04 mmol) and different amounts of Re(bpydc) 
(CO)3Cl (Table S1) were added and sonicated for another 10 min and 
then placed in an oven at 110◦C for 20 h. Once cooled to room tem-
perature, the powder was washed with DMF (2×5 mL) and MeCN (3×5 
mL) and dried in a vacuum oven at 60◦C overnight. 

Rex@MOF: Re(bpy)(CO)3Cl was synthesized as reported above using 
2,2’-bipyridine as the bidentate ligand [25]. ZrCl4 (0.0093 g, 0.04 
mmol) and acetic acid (0.5 mL) were sonicated for 10 min in 10 mL 
DMF. Bpdc (0.0097 g, 0.04 mmol) and various amount of Re(bpy) 
(CO)3Cl (0.05, 0.1, 0.2, 0.3, 0.5, and 0.7 mole equivalents) were added 
and sonicated for another 10 min then placed in an oven at 110◦C for 10 
h. Once cooled to room temperature, the powder was washed with DMF 

(2×1mL) and MeCN (3×1mL). 

Experiments with solvent vapors 

Re-UiO-67-5 was first dispersed in acetone (5 mg/mL). A screw-top 
cuvette was lain on its side and 1 mL of the dispersion was pipetted 
on the side wall. The solvent evaporated at room temperature, leaving a 
thin film on the cuvette wall. The cuvette was then dried in a vacuum 
oven at 100◦C for 10 h, capped immediately and cooled down to room 
temperature. An emission spectrum was then recorded (labeled “Air”). 
For vapor exposure, the cuvette with the Re-UiO-67-5 film was placed in 
a 100 mL flask containing 10 mL of the respective solvent and the flask 
was capped to allow the vapor to impregnate the film (the solvent is 
never in contact with the film). After 6-hour impregnation, the cuvette 
was taken out, capped immediately, and a second spectrum was ob-
tained. The film was regenerated by placing the cuvette in a vacuum 
oven at 100◦C for 10 h and reused for the vapor test with other solvents 
in a similar manner. 

Spectroscopic studies 

Diffuse reflectance spectra (DRS) were collected on a Shimadzu UV- 
2540 spectrometer using an integrating sphere and transformed using 
the Kubelka-Munk equation. Samples for DRS measurements were 
diluted to 1 wt.% in barium sulfate and pressed between quartz powder 
holders. Pure samples pressed between quartz powder holders were used 
for all the photoluminescence measurements unless otherwise stated. 
Steady-state photoluminescence emission spectra were obtained on a 
Horiba Jobin Yvon FluoroLog exciting with a 450 W Xe lamp in front 
face (FF) mode, with the sample perpendicular to the excitation. The 
excitation wavelength was 400 nm with 5 nm excitation slit and 4 nm 
emission slit, and 320 nm with 2 nm excitation slit and 1 nm emission 
slit, to excite the Re complex and the UiO-67 framework, respectively. 
Excitation spectra were taken in front-face mode, monitoring the emis-
sion wavelengths of 375 nm and 650 nm for UiO-67 and the incor-
perated Re complex, respectively. Photoluminescence lifetimes were 
calculated from time-decays acquired using a time-correlated single 
photon counting (TC-SPC) Edinburgh OB 920 instrument, exciting with 
a pulsed laser diode (peak center 445 nm, pulse width 75 ps, and pulse 
period 200 ns). The emission wavelength was 650 nm. A 570 nm filter 
was inserted before the detection optics, to prevent unwanted scattered 
light. Average lifetimes were calculated based on amplitude average 
using the following formula: 

τavg =
∑n

i=1
fnτn (1)  

Where τn and fn are the lifetimes and fractional contributions of the nth 

component, respectively [37]. 
Emission quantum yields of powdered Re-UiO-67 samples were 

determined following the technique reported by Wrighton et al [38]. All 
Re-UiO-67 samples were dispersed in BaSO4, pressed between quartz 
cuvettes, and excited at 430 nm. The emission was collected at 90◦ and 
with the sample at an angle of 30◦ from excitation. Reflectance spectra 
were taken at 430 nm for both Re-UiO-67 samples and pure BaSO4 to 
determine light absorption. Another set of reflectance spectra was taken 
at 690 nm for normalization. Neutral density filters were used to 
attenuate excitation light when entering the emission channel. An 
example of the spectra collected for a quantum yield determination is 
shown in Figure S1. Powder X-ray diffraction (PXRD) patterns were 
obtained with a Rigaku Smartlab XRD equipped with a Cu Kα radiation 
source (λ = 1.5418 Å). The diffractograms were taken between 3 and 40◦

with a 2◦/min scan rate and 0.08◦ step size. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on a PHI Quantera XPS 
spectrometer. Atomic percentages were calculated from at least three 
spectra of the survey scan with a passing energy of 140 eV. 

Fig. 1. Idealized representation of UiO-67 octahedral cavity doped with Re 
(bpydc)(CO)3Cl. 
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High-resolution elemental analysis was carried out with a passing en-
ergy of 26 eV for multiple scans. Each spectrum was corrected using 
284.8 eV as a reference binding energy for C 1s peak, and the decon-
volutions followed Gaussian-Lorentzian functions [39]. Fourier 
transform-infrared (FTIR) spectra were recorded on a Nicolet FTIR 
Infrared microscope equipped with ATR (attenuated total reflection) 
module. 

Results and Discussion 

Re(bpydc)(CO)3Cl and UiO-67 were synthesized following protocols 
in previously published work [22,25]. Re(bpydc)(CO)3Cl was incorpo-
rated into the UiO-67 framework based on the ratios listed in Table S1. 
Rhenium incorporated UiO-67 samples (Re-UiO-67) were rinsed with 
DMF and MeCN until the UV-Vis absorption spectra of the washes did 
not show any presence of Re(bpydc)(CO)3Cl. The powder X-ray 
diffraction (PXRD) patterns of the Re-UiO-67 samples match the pub-
lished structure [22,40], indicating that the MOF structure is preserved 
at all Re(bpydc)(CO)3Cl loadings (Fig. 2). PXRD peaks were broadened 
from Re-UiO-67-1 to Re-UiO-67-6 as more Re(bpydc)(CO)3Cl was 
introduced into the UiO-67 framework, which was likely due to disorder 
within the crystal lattice as Re(bpydc)(CO)3Cl complexes were incor-
porated [41]. 

X-ray photoelectron spectroscopy (XPS) was used to assess the de-
gree of loading, and the ratio between Zr and Re was calculated as 
shown in Table 1. While XPS is a surface technique, a reasonable 
assumption is that Re(bpydc)(CO)3Cl is substituting bpdc pillars iso-
tropically throughout the crystals, and thus the surface composition 
must be very similar to the bulk composition. As can be seen in Table 1, 
the loading of Re(bpydc)(CO)3Cl in the MOF increased with the con-
centration of Re(bpydc)(CO)3Cl in the reaction mixture. This means that 
loading can be easily controlled by the reaction conditions and the initial 
mixture of the reactants. As UiO-67 is generally represented by the 
following formula Zr6O4(OH)4L6 (which is the composition of a node), 
the rhenium atoms per Zr6 node could be calculated from Re:Zr molar 
ratio obtained from XPS results (Table 1). While the XPS peaks showed a 
similar deconvolution result for all the Re-UiO-67 samples, an inter-
esting observation was that the binding energy of the Zr and Re peaks 
consistently shifted to lower energies as the Re(bpydc)(CO)3Cl loading 
increases (up to 0.1 eV and 0.2 for the Zr and Re peaks respectively, see 
Figure S2, Table S2). While this is not well understood, it is plausible 
that changes in the cavities polarity as the rhenium loading increases are 
responsible of this effect. It has been previously determined that the 
analogous complex Re(bpy)(CO)3Cl has a strong dipole [42], and XPS 
results can be modulated not only by chemical environment but also by 

local dipoles [43]. It is plausible that as the Re(bpydc)(CO)3Cl loading in 
the MOF increases, the higher concentration of dipoles in the cavities 
leads to shifts in the XPS. 

To study the effect of Re(bpydc)(CO)3Cl loading on the properties of 
UiO-67, we used a variety of techniques. Diffuse reflectance spectra 
were obtained in the solid state with 1 wt.% samples in barium sulfate. 
Barium sulfate is an inert matrix that is suitable for UV-Vis spectroscopic 
studies to dilute samples and avoid spectral saturation. The diffuse 
reflectance spectrum of UiO-67 showed a band around 310 nm corre-
sponding to the biphenyl pillar, which shifted to 295 nm when Re 
(bpydc)(CO)3Cl was incorporated (Fig. 3a). The metal-to-ligand charge- 
transfer (MLCT) band could be seen around 400 nm, which qualitatively 
increased in intensity with loading (Fig. 3a). This MLCT band was 
completely absent in the UiO-67 pristine material. Interestingly, no 
shifts in maxima were observed, in contrast with previous studies of 
ruthenium polypyridine complexes immobilized in the MOF framework 
[44]. The smaller size of Re(bpydc)(CO)3Cl in comparison with Ru 
(bpydc)(bpy)2

2+ is expected to reduce the interaction between metal 
complexes in the framework. 

ATR-FTIR spectra were acquired to obtain structural information 
from the rhenium complexes in Re-UiO-67. The spectra were normalized 
to the peak at 1400 cm− 1, which corresponded to the out-of-phase 
stretching vibration of the carboxylate group (COO− ) in the ligands of 
the MOFs [45]. Stretching vibrations of the three Re(bpydc)(CO)3Cl 
carbonyls, located at 1894, 1917, and 2023 cm− 1, increased in intensity 
with rhenium concentration (Figure S3), indicating the increase of Re 
(bpydc)(CO)3Cl loading amount. A newly emerged band at 1650 cm− 1, 
which was attributed to C=N stretching of bidentate bpydc in the Re 
complex, also confirmed the existence of Re(bpydc)(CO)3Cl. The pres-
ence of these bands, which are consistent with the structure of Re 
(bpydc)(CO)3Cl, indicates that the chemical structure of the Re complex 
is preserved in the MOF framework and was not affected by the synthetic 
conditions. Detailed IR bands and assignments can be viewed in 
Table S3. Control experiments where Re(bpydc)(CO)3Cl was substituted 
by Re(bpy)(CO)3Cl (that cannot be incorporated in the framework), did 
not show any adsorption of the rhenium complexes in the material, not 
even in the cavities as indicated by XPS (Figure S2), diffuse reflectance, 
and FTIR studies (Figure S4). This indicates that in Re-UiO-67 MOFs the 
rhenium complexes are incorporated in the MOF framework and not 
adsorbed in the cavities. 

Photoluminescence spectra with excitation at 320 nm showed a peak 
at 390 nm, which corresponded to the fluorescence of pristine UiO-67. 
This fluorescence was quenched rapidly as the loading of Re(bpydc) 
(CO)3Cl increased in the material (Fig. 3b). A slight red shift was also 
observed. This is correlated with the decrease in bpdc concentration 
with increasing Re(bpydc)(CO)3Cl loading. Also, quenching of the MOF 
fluorescence is consistent with Förster Resonance Energy Transfer 
(FRET) from the MOF to Re(bpydc)(CO)3Cl as their emission and ab-
sorption spectra respectively have a high degree of overlap. Other 
contributing factors could involve quenching of the MOF fluorescence 
by virtue of the heavy atom effect. Excitation spectra collected with 
emission at 375 nm also showed a drastic quenching when Re complex 
was part of the framework (Fig. 3c). On the other hand, excitation of Re 
(bpydc)(CO)3Cl within the UiO-67 framework at 400 nm leads to MLCT Fig. 2. PXRD of UiO-67 with different Re(bpydc)(CO)3Cl loadings.  

Table 1 
Molar composition of Re-UiO-67 samples determined by XPS.  

Re:Zr molar ratio  
in reaction mixture 

Sample Re:Zr molar ratio  
in Re-UiO-67 

Re per Zr6 node 

0.05 Re-UiO-67-1 0.02 0.12 
0.1 Re-UiO-67-2 0.04 0.24 
0.2 Re-UiO-67-3 0.07 0.42 
0.3 Re-UiO-67-4 0.10 0.60 
0.5 Re-UiO-67-5 0.16 0.96 
0.7 Re-UiO-67-6 0.25 1.50  
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excitation of the Re complex, and red emission with maxima over 610 
nm (Fig. 3d). This emission band increased in intensity with Re(bpydc) 
(CO)3Cl loading, even for Re-UiO-67-6, where there was more than one 
Re complex per UiO-67 metal-oxo node. To investigate this more closely, 
the photoluminescence intensity was plotted as a function of the number 
of rhenium complexes per Zr6 node (Figure S5). Interestingly, the data 
indicate that at low concentrations, the increase in photoluminescence is 
relatively linear with Re(bpydc)(CO)3Cl loading. Nonetheless, further 
increase in loading seems to indicate saturation of the photo-
luminescence signal. Excitation spectra collected monitoring the band at 
650 nm show the increase in intensity of the MLCT band of Re(bpydc) 
(CO)3Cl as the rhenium loading increases in Re-UiO-67 (Figure S6). 

To elucidate the photoluminescence dependence with loading, we 
determined the quantum yields of Re-UiO-67 MOFs in the solid-state 
with different Re complex loadings, following the procedure outlined 
by Wrighton et al. [38]. While the quantum yields have uncertainties of 
± 25%, two regions can be distinguished where low loading samples 
UiO-67-1 and UiO-67-2 show relatively small quantum yields (from 
0.037% to 0.041%) and higher loading samples Re-UiO-67-3 to 
Re-UiO-67-6 show a two-fold increase in quantum yield with values 
from 0.066% to 0.088% (see Table S4 and Figure S8). This indicates that 
rather than quenching, the emission efficiency tends to increase at 
higher loadings. This is in contrast with previous studies of ruthenium 
complexes immobilized in different matrices including UiO-67, where 
photoluminescence quenching is observed [44,46,47]. In addition, the 
emission maximum shifted to the red from 612 nm to 643 nm as Re 
(bpydc)(CO)3Cl concentration increases (Fig. 3d, Table S5). Red shifts in 
the emission spectra with increasing loading have been previously 
observed for Re(phen)(CO)3Cl immobilized in zirconium phosphates 
[48]. Again, it is possible that increasing the concentration of Re com-
plex leads to changes in the MOF cavities environment, including 

changes in polarity and accessibility of molecules (such as oxygen and 
water). 

To further examine the excited-state deactivation of Re-UiO-67 
MOFs, the photoluminescence time-decays were obtained in the solid 
state. The emission of Re-UiO-67 samples presents multi-exponential 
lifetimes, due to the multiple microenvironments felt by Re(bpydc) 
(CO)3Cl in the solid state, which can involve different cavities (octahe-
dral vs tetrahedral) and different places in the crystal (surface vs inte-
rior). In contrast with the lifetime of rhenium complexes in solution 
(biexponential lifetime in acetonitrile and DMF of 3.0 and 4.3 ns, 
respectively) or in the solid state (τavg = 4.7 ns), the lifetime of Re-UiO- 
67 samples (τavg ~ 15-22 ns) is up to 4 times longer. This is consistent 
with the rigidochromic effect as reported for Re(bpy)(CO)3Cl by 
Wrighton and Morse [49], and was also observed in Re(phen)(CO)3Cl 
immobilized in zirconium phosphates [48], and zeolite Na-Y [50]. As 
seen in Table 2, the average lifetime of Re(bpydc)(CO)3Cl in the MOF 
shows a slight increase with loading. A quenching mechanism due to 
FRET will involve a noticeable decrease in the lifetime of the rhenium 
complexes with loading [44], which is the opposite of what is being 
observed. Actually, the average lifetime seems to increase up to 
Re-UiO-67-3, where it remains at ca. 20-22 ns. This behavior mimics 
qualitatively the dependency observed for the quantum yields with 
loading (Table S4 and Figure S7). The lack of self-quenching of 
Re-UiO-67 samples is actually expected, given the relatively short life-
time of these complexes in the material. While the reason for the in-
crease in photoluminescence quantum yield and lifetime is not well 
understood, it could be related to the reduction of cavity volume when 
the bulkier rhenium complexes substitute one of the pillars, limiting 
oxygen and water diffusion and interactions. In addition, increasing the 
loading of the rhenium complex will likely increase the rigidity of the 
framework, accentuating the rigidichromic effect. This is consistent with 

Fig. 3. Spectroscopic characterization for Re-UiO-67 MOFs. (a) Diffuse reflectance spectra normalized to UiO-67 band in Kubelka-Munk units. (b) Photo-
luminescence emission spectra of UiO-67 with different rhenium loadings (λex: 320 nm). (c) Excitation spectra of UiO-67 with different rhenium loadings (λem: 375 
nm). (d) Emission spectra of the Re complex within the UiO-67 framework (λex: 400 nm). 
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the changes in the relative intensities of the three carbonyl frequencies 
of Re(bpydc)(CO)3Cl as loading increases (Figure S3). 

Using the information from the quantum yield and lifetime, the 
radiative and non-radiative rate constants can be calculated for excited- 
state processes (see Table S4). To better summarize the different pro-
cesses happening in this system we prepared a Jablonsky diagram 
(Fig. 4). The relevant energy levels and rate constants are summarized in 
Fig. 4. Excitation of the pure UiO-67 leads to radiative and non-radiative 
deactivation of the excited state with rate constants of 7.7×105 s− 1 and 
1.9 × 107 s− 1, respectively. The addition of Re(bpydc)(CO)3Cl to the 
UiO-67 framework causes the deactivation of the excited state by FRET. 
Specifically, for Re-UiO-67-6, the fluorescence of UiO-67, which could 
be observed for around 390 nm for the pure MOF, is negligible when 
compared with the photoluminescence of the rhenium complex around 
643 nm (Figure S8). The population of the lower laying singlet excited 
state of Re(bpydc)(CO)3Cl, either by direct excitation or by energy 
transfer, leads to a rapid intersystem crossing to a mixed singlet-triplet 
state, which decays to the ground state by radiative and non-radiative 
pathways with rate constants of 4.5×103 s− 1 and 5.1 × 106 s− 1, 
respectively. 

Information on how the atmosphere around Re(bpydc)(CO)3Cl 
modulate its photophysical properties is important for various applica-
tions including photocatalysis, solar energy conversion and sensing. 
Rhenium carbonyl complexes incorporated in the cavities of the inor-
ganic framework zeolite NaY were previously used by us to sense sol-
vents vapors [50]. In that case, Re(phen)(CO)3Cl was synthesized inside 

the cavities of NaY using the ship-in-the-bottle method. Changes in the 
emission intensity, maximum, and lifetime were observed based on the 
vapor identity. Thus, we decided to explore the effect of solvents vapors 
on Re-UiO-67. Here, Re-UiO-67-5, with Re:Zr molar ratio of 0.16 from 
XPS measurement, was employed to study the enhancement of the 
photoluminescence intensity (vapoluminescence) and lifetime (vapo-
temporism), as well as the shifts in photoluminescence maximum 
(luminescence vapochromism). As expected, the photoluminescence of 
the Re-UiO-67-5 film is sensitive to the presence of solvent vapors. The 
changes in photoluminescence intensity were shown in Fig. 5. All sam-
ples have been normalized to the photoluminescence intensity of “Air”, 
which represents the photoluminescence of the film after the ther-
mal/vacuum treatment and insulated from any vapor. Therefore, the 
intensity of “Air” is 1 at 639 nm. Typically, we observed an increase in 
photoluminescence when the film was in contact with solvents vapors. 
Nonetheless, in contrast with the previously reported Re(phen)(CO)3Cl 
incorporated in NaY, where increments up to 75-fold were observed, the 
highest increment in photoluminescence intensity for the Re-UiO-67-5 
film was limited to 2.3 folds. 

The only vapors that did not produce an increase in photo-
luminescence in the films were water (where a small decrease in pho-
toluminescence was seen), and methanol (where the intensity stayed the 
same). Curiously, water and methanol are the solvents with the highest 
hydrogen bond donor capacity (alpha value, Table S6) based on linear 
solvation energy relationships (LSER) [51]. Quenching by water and 
alcohols is common and has been attributed to energy transfer from the 

Table 2 
Lifetime fittings for Re(bpydc)(CO)3Cl and Re-UiO-67 samples. λex: 445 nm, λem: 650 nm.  

Sample τ1 (ns) % τ2 (ns) % τ3 (ns) % χ2 τavg* (ns) 

Re(bpydc)(CO)3Cl in acetonitrile 1.47 ± 0.02 78 ± 4 8.3 ± 0.7 22 ± 4 - - 1.23 3.0 ± 0.4 
Re(bpydc)(CO)3Cl in DMF 1.13 ± 0.02 46 ± 2 7.0 ± 0.2 54 ± 2 - - 1.24 4.3 ± 0.2 
Re(bpydc)(CO)3Cl 1.53 ± 0.03 53 ± 3 4.36 ± 0.09 43 ± 3 51 ± 6 4 ± 0 1.21 4.7 ± 0.3 
Re-UiO-67-1 1.97 ± 0.04 32 ± 2 8.4 ± 0.3 39 ± 3 38 ± 1 29 ± 3 1.17 15 ± 1 
Re-UiO-67-2 2.42 ± 0.03 35 ± 2 11.3 ± 0.3 40 ± 3 48 ± 3 25 ± 3 1.09 17 ± 2 
Re-UiO-67-3 3.01 ± 0.06 25 ± 2 12.6 ± 0.4 44 ± 3 51 ± 3 31 ± 4 1.05 22 ± 2 
Re-UiO-67-4 3.17 ± 0.06 26 ± 2 12.8 ± 0.4 44 ± 4 48 ± 3 30 ± 4 1.05 21 ± 2 
Re-UiO-67-5 3.60 ± 0.09 24 ± 3 12.9 ± 0.5 46 ± 4 45 ± 2 30 ± 4 1.06 20 ± 2 
Re-UiO-67-6 3.88 ± 0.08 27 ± 3 12.1 ± 0.4 51 ± 4 57 ± 5 22 ± 4 1.04 20 ± 3 

*Amplitude averaged (eq. 1). 

Fig. 4. A simplified Jablonski diagram of UiO-67 and Re-UiO-67-6. (1) Excitation at 320 nm of the UiO-67 MOF results in the formation of 1UiO-67* excited state, 
which can decay to the ground state by emission of fluorescence or by non-radiative relaxation (2). Re(bpydc)(CO)3Cl incorporated in the MOF, as in Re-UiO-67-6, 
could be excited either by energy transfer from the MOF (3) or by direct excitation (4). This singlet excited state undergoes intersystem crossing (5) and then decay to 
the ground state by photoluminescence or non-radiative relaxation (6). Rate constants in (2) represent the excited state evolution of pure UiO-67 with no rhenium 
complex, as the fluorescence of the MOF in Re-UiO-67-6 is too quenched to obtain quantum yield and lifetime data. 
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excited dye to a combination of bands of O-H vibrations in the solvent, 
particularly when the emission of the dye is beyond 600 nm [52]. It has 
also been proposed that hydrogen bond breaking in the excited state 
leads to quenching of excited states [53]. To validate that quenching can 
occur due to the presence of O-H groups in the solvent, we studied the 
effect of D2O and CD3OD vapors in the photoluminescence of Re-UiO-67. 
The results show that the emission intensity for Re-UiO-67 in the pres-
ence of D2O and CD3OD is stronger than in the presence of H2O and 
CH3OH respectively, supporting quenching by energy transfer to 
high-frequency vibrational stretching modes from OH (see Figure S9 and 
Table S7). 

One the other hand, increments in intensity and lifetime (See 
Tables S6 and S8) were observed when the film was exposed to solvents 
that are good hydrogen bond acceptors (beta value, Table S6) such DMF, 
DMSO, triethylamine and pyridine. In contrast, isopropanol is a good 
hydrogen bond acceptor, but shows a relatively short lifetime and low 
photoluminescence intensity; however, isopropanol is also a hydrogen 
bond donor, and a combination of competing factors will influence both 
the lifetime and emission intensity. Similar arguments could be used for 
methanol. To better visualize these trends, we plotted both the 
normalized photoluminescence intensity and the photoluminescence 
lifetime of the Re-UiO-67-5 film after exposure to different solvent va-
pors as a function of hydrogen bonding acceptor ability (beta value) of 
the solvents (Fig. 6). Based on hydrogen bonding donor ability (alpha 
value), the data points were divided into two parts: aprotic solvents 
(small alpha) and protic solvents (large alpha). Overall, aprotic solvents 

with similar beta values are clustered in the same range and those sol-
vents with strong hydrogen bonding acceptor abilities (large beta value) 
lead to larger increments in photoluminescence lifetime and intensity. 
Protic solvents lead to lower photoluminescence intensities and shorter 
lifetimes in general, which correlates with the availability of O-H bonds 
as mentioned earlier. However, within all three protic solvents, a similar 
increasing trend of photoluminescence intensity and lifetime was also 
observed with beta value. 

In terms of photoluminescence maxima, the changes are relatively 
small with the largest displacement being ca. 15 nm going from water to 
triethylamine. While some of these trends are consistent with LSER 
values, there is not a straightforward correlation particularly with sol-
vents with intermediate alpha and beta values (such as MeCN, ethyl 
acetate and acetone), which implies that a complex combination of ef-
fects (including hydrogen donor/acceptor capacity, dielectric constant, 
and polarity) give rise to their particular photophysical properties. 

The mechanism for the changes in emission intensity, maximum, and 
lifetime of the Re-UiO-67 film with solvent vapors is likely similar to that 
of Re(phen)(CO)3Cl incorporated in NaY [50]. The Re(bpydc)(CO)3Cl 
complexes in a Re-UiO-67 film impregnated with solvent vapors could 
be regarded as a “pseudosolvated”, which indicates in this case that the 
solvent vapor is permeating the pores of Re-UiO-67 and interacting with 
the rhenium complexes in the Re-UiO-67 framework. Changes in the 
emission maximum, intensity and lifetime could be derived from specific 
interactions between the Re compound, the UiO-67 MOF, and solvent 
vapors, which could either stabilize or destabilize the emissive excited 

Fig. 5. Photoluminescence spectra of vapor saturated Re-UiO-67-5 film normalized to the spectrum of the measurement “Air”. The film labeled “Air” is the film 
sealed right after thermal treatment in a vacuum oven at 100 ◦C. Intensities, maxima, and lifetimes can be found in Table S6. 

Fig. 6. Photoluminescence (a) intensity and (b) lifetime of the Re-UiO-67-5 film after exposure to different solvent vapors, as a function of hydrogen bonding 
acceptor ability (beta value) of the solvents. Black solid curves are for visual guidance. 
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state [54,55], based on the solvent properties as discussed above. 
However, unlike previously reported Re(phen)(CO)3Cl@NaY, where the 
Re complex was entirely trapped inside the pores, here Re(bpydc) 
(CO)3Cl is incorporated in the framework of UiO-67. Therefore, in 
Re-UiO-67 MOFs the communication between channels and diffusion of 
solvent vapors is expected to be more effective. On the other hand, the 
incorporation of Re(bpydc)(CO)3Cl in the walls of Re-UiO-67 limits the 
interaction of the Re complex with the walls of the cavities, which is an 
important factor in modulating the photophysical properties of Re 
(phen)(CO)3Cl@NaY [50]. In Re(phen)(CO)3Cl@NaY, the different va-
pors modulate the interaction between the complex and the walls of the 
zeolite, which results in the outstanding changes in properties with 
different vapors. For Re-UiO-67, where the complex is part of the 
framework, it is expected that the photophysical changes observed to be 
milder than for Re(phen)(CO)3Cl@NaY. 

Conclusions 

In conclusion, a series of Re-UiO-67 MOFs were synthesized with Re 
(bpydc)(CO)3Cl substituting the biphenyl linkers. The concentration of 
Re(bpydc)(CO)3Cl was easily varied by changing the Zr:Re ratio in the 
reactant mixture. The incorporation of Re(bpydc)(CO)3Cl into UiO-67 
leads to changes in their photoluminescence properties. On one hand, 
the emission maxima get red-shifted with increasing loading, and the 
emission intensity increases with Re(bpydc)(CO)3Cl loading as well. The 
increase in photoluminescence is not linear with loading and seems to 
saturate at high concentrations of Re complex. A similar trend was 
observed in emission lifetime and quantum yield of Re(bpydc)(CO)3Cl 
loading. This could be due to a reduction of cavity volume (reducing 
interaction with water and oxygen) and an increase in rigidity of the 
UiO-67 framework as the loading of Re(bpydc)(CO)3Cl increases. The 
lack of self-quenching, regularly observed with other photoluminescent 
metal complexes, could be attributed to relatively short-lifetime of the 
rhenium complex. 

Given the previous results of vapoluminescence effect in Re(phen) 
(CO)3Cl@NaY, we studied the effect of different solvent vapors on a Re- 
UiO-67-5 film. Our findings show changes in emission intensity, 
maximum, and lifetime of the Re-UiO-67-5 film with exposure to solvent 
vapors, and these changes can be clustered and interpreted based on 
hydrogen bonding acceptor ability of the solvents. Nonetheless, these 
changes were less significant compared with the previously reported Re 
(phen)(CO)3Cl@NaY material due to a more isolated chemical envi-
ronment of Re(bpydc)(CO)3Cl inside the UiO-67 framework. Given the 
recent popularity of rhenium MOFs for CO2 reduction, it is of great 
importance to understand how their photophysical properties are 
modulated by the loading of Re complex. The information gathered in 
this research will help guide the design of novel and more efficient 
photocatalysts, not only for carbon dioxide, but also for photochemical 
reactions in MOFs promoted by the photoexcitation of rhenium 
complexes. 
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