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ABSTRACT: While metal-organic frameworks (MOFs) have been identified as promising materials for sensitizing near-infra-
red emitting lanthanide ions (Ln3+) for biological imaging, long-wavelength excitation of such materials requires large, highly 
delocalized organic linkers or guest-chromophores. Incorporation of such species generally coincides with fewer Ln3+ emit-
ters per unit volume. Herein, the excitation bands of ytterbium-based MOFs are extended to 800 nm via a postsynthetic cou-
pling of acetylene units to form a high density of conjugated π-systems throughout MOF pores. The resulting long wavelength 
excitation/absorption bands are a synergistic property of the composite material as they are not observed in the individual 
organic components after disassociation of the MOFs, thus circumventing the need for large organic chromophores. We 
demonstrate that the long wavelength excitation and emission properties of these modified MOFs are maintained in the bio-
logical conditions of cell culture (aqueous environment, salts, heating), pointing toward their promising use for biological 
imaging applications. 

INTRODUCTION 

The unique emissive properties of lanthanide ions (Ln3+) 
combined with their natural abundance attract intense re-
search interests in areas such as biological imaging, tele-
communication devices, low cost lighting, energy conver-
sion, and sensing.1-2 Their strong resistance to photobleach-
ing and sharp emission bands with characteristic wave-
lengths that are independent of experimental conditions 
make Ln3+ attractive candidates for detection in complex 
media such as biological systems. Near-infrared (NIR)-
emitting Ln3+ (Nd3+, Ho3+, Er3+, Yb3+) are especially well-po-
sitioned for bioimaging applications because of the NIR 
transparency window of biological tissue3, as well as for tel-
ecommunication devices and lasers. However, free Ln3+ suf-
fer from the inefficiency of direct excitation of most transi-
tions (absorptivities often below 1 M-1cm-1)1, 4 and a high 
susceptibility to quenching due to the overtones of high en-
ergy vibrations from O-H, N-H and C-H bonds.4-6 Emissive 
Ln3+-based materials must therefore be designed to protect 
the Ln3+ from quenching and to incorporate chromophores 
that sensitize the Ln3+ through a process that is known as 
the “antenna effect”.6-7 The optimal excitation wavelength of 
the antennae depends largely on targeted applications. For 
example, some applications may require broadband excita-
tion throughout the visible spectrum while others may re-
quire lower energy visible-NIR excitation. Therefore, an 
ideal matrix material for preparing Ln3+-based emitters 
would i) contain a high density of both luminescent Ln3+ and 
sensitizing chromophores, ii) provide a sufficient level of 

protection of Ln3+ from sources of non-radiative deactiva-
tion, and iii) be amenable  to  structural  and  functional  
modification  as  a  means  to finely tune their luminescence 
properties. 

Metal-organic frameworks (MOFs) allow an elevated 
level of organization of a high density of luminescent Ln3+ in 
well-defined coordination environments and provide 
means of photosensitization through chromophoric organic 
linkers or guest species.8-19 However, for applications that 
make use of Ln3+ NIR emission such as optical bioimaging, 
long wavelength photosensitization is advantageous due to 
the minimization of the interaction between excitation light 
and the biological sample. This requirement implies that the 
corresponding organic molecular sensitizers be large, 
highly delocalized species.20 Incorporating such species into 
a MOF requires large pore volumes or the use of long delo-
calized linkers. Both scenarios result in highly open frame-
works with a lower density of Ln3+ emitters per unit volume 
and a corresponding decrease in emission intensities and 
detection sensitivities.  In addition, the use of MOFs with 
highly spacious pores and/or longer, more exotic organic 
linkers can lead to lower stabilities and generally more de-
manding syntheses. An alternative strategy for achieving 
low energy sensitization of Ln3+-based MOFs would be to 
prepare a high density of delocalized species in MOF na-
nopores by loading small molecular precursors into the 
MOFs which subsequently couple to form a dense array of 
π-systems. This “ship-in-a-bottle” synthetic approach in 
which the close-packing of π-systems induces longer wave-



 

length absorption as a supramolecular property would cir-
cumvent the need for large pores to accommodate large mo-
lecular dyes or large, highly delocalized organic linkers for 
MOF synthesis. 

Here, two MOFs, MOF-1114(Yb) and MOF-1140(Yb), 
consisting of 2-aminoterephthalate (NH2-BDC) organic link-
ers and Yb3+-based inorganic secondary building units 
(SBUs) with nanoscale porosity are postsynthetically modi-
fied21 by coupling methyl propiolate (MP) with the linker-
bound amine22 to obtain a high density of short π-systems 
(2-4 conjugated π-bonds) confined in MOF pores. We 
demonstrate that the resulting modified MOFs exhibit 
longer wavelength absorption and photosensitization (up 
to 800 nm) of Yb3+ NIR emission (λmax=980 nm). We also 
show that these observations result from a systemic prop-
erty as they are not observed in the isolated modified or-
ganic linkers in solution or outside of the pores of the MOF. 
We identify the density of π-systems in these modified 
MOFs as a dominant factor for extending absorption and ex-
citation cross sections to longer wavelengths. In respect to 
optical bioimaging applications, we demonstrate that the 
modified MOFs maintain their structure and emissive prop-
erties in the aqueous biological conditions of living cells. 
Collectively, these results represent major steps forward in 
creating MOF-based NIR imaging agents suitable for biolog-
ical applications with tunable and optimized excitation 
wavelengths. 

Figure 1. MOF structures (Yb3+, green spheres; C, grey spheres; 
O, red spheres; green tetrahedron defines Yb3+ core; blue 
spheres represent pore volume; H atoms omitted for clarity). 

(A) Inorganic SBU of MOF-1114(Yb); (B) Crystal structure of 
MOF-1114(Yb); (C) Inorganic SBU of MOF-1140(Yb); (D) 
Crystal structure of MOF-1140(Yb). 

RESULTS AND DISCUSSION 

MOF-1114(Yb), [Yb4(μ3-OH)4(NH2-BDC)3(H2O)8]2Cl-, 
was synthesized following a protocol that we had developed 
previously (Supporting Information).18 MOF-1140(Yb), 
Yb4(µ3-OH)4(NH2-BDC)3.64(CH3CO2)0.73(H2O)6,  was synthe-
sized by dissolving Yb(CH3CO2)34H2O and H2-NH2-BDC in 
dimethylformamide (DMF) and heating at 100ºC for 70 
hours. Both MOFs contain [Yb4(OH)4]8+ clusters with four 
Yb3+ forming a tetrahedron with faces bridged by four µ3-
hydroxides (Figure 1). MOF-1114(Yb) exhibits pcu topol-
ogy, where each edge-sharing Yb3+ pair is bridged by a car-
boxylate from an NH2-BDC linker (Figure 1A and 1B). MOF-
1140(Yb) likewise contains six Yb3+-bridging carboxylates 
at each node as well as two additional non-bridging carbox-
ylates, increasing the points of extension from 6 to 8 and de-
creasing the accessible pore volume (Figure 1C and 1D): 
Connolly free volumes were calculated from the crystal 
structures of MOF-1114(Yb) and MOF-1140(Yb) (sphere 
radius=0.75 Å) to be 68.5% and 54.0%, respectively.   

MOF-1114(Yb) and MOF-1140(Yb) were reacted with 
MP to extend the π-systems of the linkers and to red-shift 
the absorption profile of the materials. MOF crystals were 
thoroughly washed with DMF followed by solvent exchange 
with acetonitrile (ACN). MOF crystals (~30 mg) along with 
200 µL of ACN were then transferred to a vial containing 1.5 
mL of MP. Four variants of this reaction were performed: 
crystals of either MOF-1114(Yb) or MOF-1140(Yb) were 
submerged in MP at room temperature or at 75ºC for ~24 
hours, after which the product distribution as well as pho-
tophysical properties proved to be fully reproducible.  A 
color change from colorless to red or orange was observed 
within a few hours (Figure 2). Crystals became visibly 
darker as the reaction proceeded over the course of 8 hours.  
After 24 hours, the crystals were washed with ACN to re-
move unreacted MP. Proton nuclear magnetic resonance 
(1H NMR) spectroscopy and liquid chromatography mass 
spectrometry (LCMS) revealed that a mixture of four cou-
pling products and unreacted H2-NH2-BDC were present af-
ter dissolution of MOFs in deuterated acidic solution (Figure 
3A, S5-S13). Heating increased both the overall conversion 
of amines and the ratio of the larger diadducts (d1 and d2) 
to monoadducts (m1 and m2) in comparison to room tem-
perature reactions (Figure 3B). In addition, the more po-
rous and open MOF-1114(Yb) produced a higher overall 
conversion and a higher ratio of diadducts to monoadducts 
at a given temperature compared to MOF-1140(Yb). 

 

Figure 2. Brightfield optical microscopy images of MOF-
1114(Yb) crystals before and after postsynthetic modification 
(PSM) with MP (scale bars=500 µm). 



 

Solution absorption spectra of digested MOF-1114(Yb) 
and MOF-1140(Yb) (Figure 4A and 4B, black curves) show 
apparent λmax around 365 nm that can be attributed to π­π* 
transitions of H2-NH2-BDC and the absence of significant ab-
sorption beyond 450 nm. After modification, solution ab-
sorption spectra of product mixtures, which we know from 
LCMS (Figure S5-S11) and 1H NMR (Figure S13) analysis in-
clude unreacted H2-NH2-BDC, monoadducts, and diadducts, 
also show the absence of absorption beyond 450 nm (Figure 
4A and 4B, red and blue curves). We can infer that the rela-
tively sharp band centered at 315 nm that appears on the 
spectra of the product mixtures originates from the mono-
adduct isomers as it is not present in the solution-phase ab-
sorption spectra of pure d1 or NH2-BDC (Figure S14). Mi-
crospectrophotometry was used to measure the absorption 
spectra of intact MOF crystals before and after modification. 
We observed that the absorption spectrum of the H2-NH2-
BDC in solution does not differ significantly from the one of 
the MOF in which it functions as a linker: the apparent ab-
sorption maximum shifts from 365 nm when recorded in 
solution to about 394 nm in the MOF structure, after which 
absorption decreases steeply (Figure 4A to 4D, black 
curves). The slight red-shift of linker-centered absorption is 
consistent with cases of comparable MOFs reported in the 
literature.23 However, we observe a much stronger contrast 
between the solid-state absorption of the modified MOF 
crystals and the corresponding solution-phase product mix-
tures after dissolving the MOFs. We see that the absorption 
spectra of the modified MOFs are broad and extend toward 
lower energy up to 600 nm (Figure 4C and 4D, red curves). 
The fact that none of the organic components absorb be-
yond 450 nm in solution indicates that the long wavelength 
absorbance is a synergistic property of the composite mate-
rial. Specifically, a dense amorphous packing of interdigi-
tated π-bonds confined within relatively rigid MOF cavities 
results in a myriad of higher-order intermolecular orbital 
interactions.24 This special organization would explain the 
long wavelength absorption as well as the relatively broad 
flat shape of the observed absorption bands. 

Figure 3. (A) Products of PSM reactions identified after the dis-
solution of MOFs as determined by 1H NMR and LCMS; (B) 
Product ratios after the dissolution of modified MOFs as deter-
mined by 1H NMR. 

Emission spectra were collected on solid samples of 
MOF-1114(Yb) and MOF-1140(Yb) under DMF using a 
380 nm excitation wavelength. These spectra reveal the 
characteristic Yb3+ emission signal with a sharp band pos-
sessing an apparent maximum around 980 nm which is as-
signed to the 2F5/2­2F7/2 transition (Figure 4E and 4F). Each 
of these spectra reveal an additional shoulder on the low en-
ergy side of the 980 nm band of variable intensity most 
probably arising from the splitting of the fundamental emit-
ting state due to ligand field effects.25 As the Yb3+ cation does 
not possess excited states in the UV-visible energy domain, 
the sensitization of its characteristic emission upon 380 nm 
excitation unambiguously demonstrates the presence of an 
antenna effect provided by the MOF ligands. 

Analysis of excitation spectra of MOF-1114(Yb) and 
MOF-1140(Yb) provides further insight into the different 
sensitization pathways in these systems. Excitation spectra 
were obtained by monitoring the emission intensity of Yb3+ 
in solid MOF crystals at 980 nm under DMF (Figure 4G and 
4H, respectively). In both cases the excitation bands of the 
unmodified MOFs (black curves) can be attributed to sensi-
tization by the electronic structure of NH2-BDC as they ex-
tend up to 420-430 nm before declining sharply which 
matches well to corresponding absorption spectra (Figure 
4C and 4D, black curves). Upon reaction with MP, these ex-
citation bands are extended in the red/NIR range up to 700 
nm (Figure 4G and 4H, blue and red curves) indicating that 
the modified MOF linkers are indeed functioning as longer 
wavelength antennae for Yb3+ emission. The capacity for 
modulating excitation wavelength is demonstrated by var-
ying reaction temperature. Notably, the excitation spectra 
after r.t. modification (blue curves) extends to 700 nm while 
the modification at 75ºC further extends the excitation 
wavelength up to 800 nm (red curves). Photosensitization 
of Yb3+ with excitation wavelengths above 700 nm is attrac-
tive for bioimaging applications as it places both emission 
and excitation wavelengths within the optical transparency 
window of biological tissue (650-1450 nm).3 In all cases, the 
excitation bands contain multiple distinguishable compo-
nents observed as local apparent maxima and shoulders on 
the excitation spectra. These features are attributed to the 
presence of various excited states located in the different 
chromophoric parts being monitored. In this case the 
source of light emission and light absorption are not uni-
tary, so the shape of the excitation spectra will be affected 
not only by the electronic transitions located on the organic 
linkers but also by how efficiently these different excited 
states transfer energy to Yb3+ in the inorganic SBUs to gen-
erate Yb3+ emission. In the case of the modified MOFs (Fig-
ure 4, blue and red curves), mixtures of different chromo-
phores are present (Figure 3). In theory, each of these chro-
mophores could make individual contributions to the ob-
served excitation spectra based on its own discrete absorp-
tion profile. However, solution phase absorption spectra 
(Figure 4A and 4B) indicate that individual modified linkers 
do not absorb at wavelengths longer than 450 nm. Longer 
wavelength excitation (450-800 nm) observed after the 
modification reactions is instead attributed to higher order 
intermolecular π­π interactions that result from the dense 
packing of flexible π-systems located in MOF pores. We note 
that the upper limit value of absorption and excitation 
wavelengths observed for MOF-1114(Yb) and MOF-



 

1140(Yb) are similar when the  MOFs are modified at the 
same temperature (r.t. or 75ºC) even though the overall 
linker conversion is significantly different between these 
two MOFs (Figure 3B). We contend that this observation 
further illustrates the importance of the confinement as 
fewer coupling products are required to tightly fill the 
smaller pores of MOF-1140(Yb). 

For quantification, luminescence lifetimes and quantum 
yields were measured at selected excitation wavelengths 
(Figure 4I). Unmodified MOF-1114(Yb) displays only one 
luminescence lifetime value which, consistent with its crys-
tal structure, indicates the presence of a single type of Yb3+ 
coordination environment. MOF-1140(Yb) possesses two 
distinct luminescence lifetimes (τ1 and τ2) indicating the 
presence of two distinct coordination environments around 
Yb3+ as two of the four Yb3+ present in each inorganic SBU 
are coordinated to an additional carboxylate group (Figure 
1B). τ2 values for unmodified MOF-1114(Yb) and MOF-
1140(Yb) are similar (0.644 and 0.818 µs, respectively). 
Based on the differences in the crystal structures discussed 
above, we speculate that the longer luminescence lifetime 
value (τ1, 5.18 µs) observed for MOF-1140(Yb) specifically 
corresponds to the Yb3+ with a higher degree of coordina-
tion, decreasing the effect of quenching. Interestingly, all 
modified samples exhibit this additional, longer lumines-
cence lifetime of relatively similar values (4-8 µs), although 
we do not attempt to explain minor trends without detailed 
information regarding the orientation of the newly installed 
pendant functional groups. 

 

Figure 4. (A) and (B) UV-vis absorption spectra for dissolved 
MOFs; (C) and (D) Solid state absorption spectra for MOF crys-
tals; (E) and (F) Yb3+ emission spectra under λex=380 nm exci-
tation; (G) and (H) Yb3+ excitation spectra at λem=980 nm for 
MOF crystals; (I) Luminescence lifetimes (τ), measured under 
355 nm excitation, and quantum yields (QLn). 2σ values are 
given between parentheses. Measurements taken with crystals 
submerged in DMF. 

Quantum yields were measured under 380 and 600 nm 
excitation wavelengths (Figure 4I). As expected, Yb3+ emis-
sion in either MOF could be sensitized with 600 nm excita-
tion wavelength only after modification. In general, quan-
tum yields are relatively low in respect to the values re-
ported recently for Yb3+ metallacrowns, for example.26  Nev-
ertheless, these values are comparable or higher than those 
reported for Yb-PVDC-1 and Yb-PVDC-2 that we have pre-
pared in the past.15 We had demonstrated that a nanoscale 



 

version of an Yb-PVDC MOF is an attractive imaging agent 
for living cells and that a low quantum yield value is not a 
crucial  

 

Figure 5. (A) Yb3+ emission spectra of miniaturized MOF-
1114(Yb) in H2O with 0.5% Tween-20 under λex=380 nm and 
λex=500 nm excitation; (B) Yb3+ excitation spectra of miniatur-
ized MOF at λem=980 nm in H2O with 0.5% Tween-20; (C,D,E) 
Microscopy images of RAW 264.7 cells incubated with minia-
turized MOF in water with Tween-20 0.5 %. Objective 40x, 
scale bars = 20 µm: (C) Brightfield imaging; (D) NIR epifluores-
cence imaging; (E) Merged brightfield and NIR epifluorescence 
imaging. 

limitation as it can be compensated for by a high density of 
antennae and Ln3+ emitters per unit volume.20 

Epifluorescence microscopy experiments were con-
ducted in order to test the imaging capabilities of this new 
family of MOFs.  Images collected for MOF-1114(Yb) in 
DMF after modification with MP at 75ºC (1 day) are depicted 
in Figure S15 and show a significant Yb3+ NIR emission sig-
nal. To move the demonstration further toward biological 
applications, intact crystals of MOF-1114(Yb) were broken 
down into smaller fragments of 2 to 3 µm through a combi-
nation of mortar and pestle grinding and ultrasonication 
(Figure S16). These fragments were then modified with MP 
at 75ºC (1 day) which was found to increase their stability 
in water as evidenced by PXRD analysis (Figure S17). The 
addition of 0.5% Tween-20 prevented the aggregation of 
the miniaturized MOFs (Figure S18). Corresponding NIR 
emission and excitation spectra obtained from these parti-
cles show that they maintain their optical properties and 
with the observation of the characteristic Yb3+ NIR emission 
signal located at 980 nm (Figure 5A, 5B, and S19). These 
well dispersed and miniaturized MOFs were incubated with 
living RAW 264.7 macrophage cells for 18 hours. The col-
lected NIR epifluorescence images (λex=482 nm) showed 
the Yb3+ emission signal (Figure 5C-E, S20). These results 
are highly promising as they reveal that these miniaturized 
MOFs can sustain the biological conditions of cell culture 
(aqueous environment, salts, temperature) through the in-
cubation process in the presence of living cells by continu-
ing to generate bright emission. Such signal would have 
been lost had the MOFs dissociated. In addition, Figure 5C-

E shows that some of the miniaturized MOFs have been con-
centrated on or around the macrophages. Notably, MOF 
fragments observed in Figure 5E are not uniformly bright 
which can be explained by the fact that not all organic link-
ers have been modified by MP during this PSM reaction (Fig-
ure 3) and the distribution of unmodified linkers through-
out an intact crystal is unknown. 

 

CONCLUSIONS 

In summary our “ship-in-a-bottle” synthetic strategy pro-
duced MOFs with tightly confined chromophoric π-systems 
that would not otherwise be accessible and that can sensi-
tize the NIR-emitting Yb3+ under biological conditions. After 
modification of MOFs, the resultant arrangement of pendant 
groups induced systemic photophysical properties; namely, 
broad red-shifted absorption spectra that captured most of 
the visible range (up to 600 nm). The absorption range was 
adjusted by varying the reaction temperature or MOF po-
rosity, demonstrating the potential of this approach as a fac-
ile and efficient means of tuning the absorption/excitation 
wavelengths of MOFs. We have demonstrated that these 
chromophoric π-systems are suitable as novel, small-sized 
and versatile antennae for the sensitization of the NIR emis-
sion of Yb3+. Although the quantum yields recorded for Yb3+ 
emission are relatively low, this MOF design approach al-
lows for a high density of luminescent Ln3+ and Ln3+-sensi-
tizers per unit volume and for the facile tuning of chromo-
phores in order to achieve better protection of Ln3+ from 
quenching by saturating their coordination sphere or en-
hancing sensitization efficiency. In general, reactions pro-
moted within predefined nanoscale cavities can produce π-
conjugated groups from smaller discrete molecular building 
blocks. Because the cavity has predefined and constant di-
mensions, the strength and number of intermolecular π-π 
interactions increases with the yield and average size of the 
π-conjugated systems and can be modulated by controlling 
factors such as reaction time and temperature. Further, this 
increase in the density of π-conjugated systems has a dom-
inant influence on the spectroscopic properties of the mate-
rial. Preliminary optical microscopy tests show that these 
bulk Yb3+ MOFs and their corresponding miniaturized frag-
ments are promising NIR optical imaging agents. We have 
shown that these materials are sufficiently robust and 
bright to collect a significant NIR signal in typical biological 
conditions used for living cell incubation and imaging. 

The Supporting Information is available free of charge on the 
ACS Publications website. 
Experimental details and additional data (PDF) 
Crystallographic data for MOF-1140(Yb) CCDC 1886235 (CIF) 
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