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ABSTRACT: A rapid and facile design strategy to create a highly complex optical tag with programmable, multimodal photoluminescent 
properties is described. This was achieved via intrinsic and DNA-fluorophore hidden signatures. As a first covert feature of the tag, an 
intricate novel heterometallic near infrared (NIR) emitting mesoporous MOF was designed and synthesized. The material is constructed 
from two chemically distinct, homometallic hexanuclear clusters based on Nd and Yb. Uniquely, the Nd-based cluster is observed here 
for the first time in a MOF and consists of two staggered Nd µ3-oxo trimers. To generate controlled, multimodal, and tailorable emission 
with difficult to counterfeit features, the NIR emissive MOF was post-synthetically modified via a fluorescent DNA oligo labeling design 
strategy. The surface attachment of several distinct fluorophores, including the simultaneous attachment of up to three distinct 
fluorescently labeled oligos was achieved, with excitation and emission properties across the visible spectrum (480-800 nm). DNA 
inclusion as a secondary covert element in the tag was demonstrated via detection of SYBR gold dye association. Importantly, the 
approach implemented here serves as a rapid and tailorable way to encrypt distinct information in a facile and modular fashion and 
provides an innovative technology in the quest towards complex optical tags.
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1. INTRODUCTION

    Optical tags afford methods to identify, track and provide 
provenance for materials.  An ideal tag is inexpensive to 
produce and detect, maintains high coding capacity, and has a 
complex signature to prevent duplication.  While common overt 
tags are coupled with easy detection, most current materials 
options are subject to counterfeiting. To circumvent this 
limitation, multiple types of nanomaterials are under 
development.1-6 While these materials can address the 
counterfeiting issue, many of these systems lack structural and 
compositional versatility which limits their extended 
applicability in this field. Also, the synthetic approaches for 
these materials are normally very elaborate.
     Metal-organic frameworks (MOFs) concurrently possess 
several attributes to allow complex signatures for optical tags7-

11: (i) tunable optical properties for concomitant emission in the 
UV, visible and/or near infrared (NIR), making it an ideal 
intricate system to prevent counterfeiting; (ii) controllable 
multi-metal compositions allowing orthogonal confirmation of 
identity; (iii) porosity and chemical tunability, to allow the 
design of environmentally responsive smart tags. 
     In the quest towards the design of a highly intricate, difficult 
to counterfeit taggant material, this study aims to: (1) expand 
the materials design space in accessing heterometallic MOFs 
using a route uniquely relevant to rare earth elements (REE); 
(2) achieve highly tunable multimodal photoluminescent 
signatures by implementing a post synthetic fluorescent DNA 
oligo labeling design strategy.

     The synthesis of MOFs built from more than one metal ion 
or type of cluster is uniquely attractive, as facilitated by the 
synergistic properties that are attained this way, including 
tandem catalysis, tunable electronic and complex photophysical 
properties,12 to only name a few.  Heterometallic MOFs have 
been scarcely explored,13 in the context of the impressive body 
of MOF literature, in part due to the difficulty in controlling the 
coordination chemistry at the molecular level of the distinct 
metals. 
     Accessing the desired molecular building blocks with 
precision under pre-determined reaction coordinates greatly 
improves the design prospects in MOFs. Recently, great 
progress has been made in this direction with the discovery of 
REE polynuclear clusters-based MOFs. A hexanuclear 14-19 and 
a nonanuclear cluster10, 20-22 emerged as “default”  molecular  
building blocks among MOFs constructed from REE 
polynuclear clusters.  Pioneering work from Eddaoudi et al. 
recently described the access to both of these clusters in a 
concurrent fashion, highlighting the unique potential of 
polynuclear REE to meet yet to be realized topological needs 
and resulting increased functionality in complex MOFs.23

      In this context, polynuclear REE-based MOFs represent 
ideal platforms to probe and overcome fundamental challenges 
in heterometallic MOFs synthesis, as facilitated by the control 
over the molecular building blocks. Further, while REE display 
chemical similarities as a distinctive group among other 
elements, at an individual level they highlight subtle differences 
in their coordination characteristics and resulting properties.24 
The difference in the ionic radii across the series, generally 
referred to as the “lanthanide contraction” is an important 
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parameter to exploit in order to scope additional “on demand” 
design tools, available to expand the MOF reticular chemistry 
repertoire. 
     Of particular interest to us in the context of taggant materials 
is the versatility in coordination chemistry of REE with 
complementary features (i.e.: emission properties in the near 
infrared, NIR). Here we deliberately chose to design a 
heterometallic MOF constructed from two NIR-emitting REE: 
Nd, a light REE and Yb, a heavy REE. In particular, Nd has the 
tendency to accommodate higher coordination numbers, and 
has been shown to promote structural diversity and high 
nuclearity clusters.25-26 Further, Nd to Yb energy transfer is 
anticipated, when directly exciting Nd ions at 808 nm.10, 15, 27 
Accordingly, this strategy was implemented and under unique 
synthetic conditions, the access to a hierarchically complex 
MOF was achieved. In this material, the two Nd and Yb metal 
ions are segregated in two chemically distinct hexanuclear 
clusters. The Nd-based cluster consists of two staggered µ3-oxo 
Nd trimers bridged together by four μ3-OH groups and is 
observed here for the first time in a MOF, while the Yb-based 
cluster adopts the default hexanuclear cluster arrangement.
     To further expand the photoluminescent properties of this 
system as relevant to highly intricate anti-counterfeiting optical 
tags, we examined the potential for this novel MOF to serve as 
a base for fluorescent DNA oligo labeling system. A graphical 
representation highlighting the hierarchical complexity towards 
multimodal photoluminescence is depicted in Scheme1.
     Fluorescently labeled DNA oligos are available 
commercially with a wide range of fluorophores, allowing 

tailoring of the visible tag signature with one, two or more 
visual signatures.  Furthermore, the DNA can act as a secondary 

covert signature that can be detected using dyes with high 
affinity for DNA. DNA oligo MOF complexes have previously 
been used for detection of viruses,28-29 and cellular delivery.30  
DNA association with MOFs has been demonstrated using click 
chemistry,31 carbodiimide chemistry,32 and passive association 
with the DNA backbone or with phosphate terminators added 
to oligos.33-36  
     In this study we targeted a rapid and tailorable way to 
encrypt distinct information in a modular fashion via post-
synthetical attachment of a variety of distinct fluorophores, with 
excitation and emission properties across a wide range of the 
visible spectrum (480-800 nm). Further, we have explored 
whether the simultaneous addition of multiple fluorescently 
labeled oligos is possible, to serve as a rapid and tailorable way 
to enhance the complexity via multimodal emission properties.
     A suite of materials characterization techniques was 
implemented to assess the structure-function relationship in 
these complex systems, including single crystal and powder X-
ray diffraction techniques, electron and optical microscopies 
and photophysical properties evaluation.

2. EXPERIMENTAL SECTION

Scheme1. Graphical representation of a programmable, targeted approach towards multimodal photoluminescence.



All reactant materials were purchased from commercially 
available sources and used without further purification. 

2.1. Materials synthesis. 
Synthesis of YbNdTCPB, 1: The reaction mixture containing 
Nd(NO3)3·6H2O (5 mg, 0.011 mmol), Yb(NO3)3·5H2O (5.15 mg, 
0.011 mmol), 1,2,4,5-tetrakis (4-carboxylphenyl) benzene 
(TCPB, 3.7 mg, 0.0066 mmol), 2-fluorobenzoic acid (FBA, 575 
mg, 4.10 mmol) and N,N’-dimethylformamide (DMF 3.0 mL) was 
placed in a 20 mL scintillation vial and heated to 115 °C at 1.5 
°C/min, held at 115 °C for 18 hours, then cooled to room 
temperature at 1.5 °C/min. The resulting hexagonal prism-like 
crystals were washed three times with an excess of DMF, and three 
times with an excess of methanol, before being suspended in 
methanol.

2.2. X-ray single-crystal data collection and 
determination. X-ray diffraction data were measured using a 
Bruker D8 Venture dual-source single crystal X-ray diffractometer 
employing Cu Kα radiation (λ=1.54178 Å). Data were collected 
using a Photon II CMOS area detector on samples superglued to 
glass fibers. Collection temperature was 275 K. Reflection data 
were processed using the Bruker Apex 3 Suite, including an 
absorption correction through SADABS, and space group 
determination using XPREP. The structure was determined with 
SHELX-2019 software. The structure was solved with XT using 
intrinsic phasing and refined using full-matrix least-squares on F2 
through XL. The structure was finalized in Olex 2 (v.1.3.0).

2.3. Powder X-ray Diffraction (PXRD). Measurements were 
performed on a Siemens Kristalloflex D500 diffractometer, CuKα 
radiation (λ = 1.54178 Å).

2.4. Scanning Electron Microscopy (SEM) - Energy 
Dispersive Spectroscopy (EDS). SEM analyses were captured on 
a FEI NovaNano SEM 230, at various accelerating voltages 
between 1 and 20 kV. EDS analyses were collected on an EDAX 
Genesis Apex 2 with an Apollo SDD detector.

2.5. Sample activation and gas adsorption measurements.        
Prior to measuring the gas adsorption isotherms, the sample was 
immersed in 15 mL of methanol for 3 days, with the solvent 
replenished every 24 hours. Following this treatment, it was 
activated under vacuum on a Micromeritics ASAP 2020 surface 
area and porosity analyzer, at 120oC for 16 hours. Nitrogen gas 
adsorption isotherms was measured at 77 K using a Micromeritics 
ASAP 2020 surface area and porosity analyzer. Nitrogen of ultra-
high purity (99.999%, obtained from Matheson Tri-Gas) was used 
in these experiments. 

2.6. Photoluminescence (PL) measurements. Powder samples 
were illuminated with an 808 nm diode laser using a long pass 
dichroic beam splitter as a reflector. The PL transmitted through 
the splitter was directed to an Acton 2500 spectrophotometer (0.5m 
focal length, 300g/mm grating) equipped with liquid nitrogen 
cooled InGaAs linear array detector. Both the excitation source and 
PL were focused through a common 0.65 NA objective.

2.7. PL lifetime measurements. The photoluminescence decay 
was measured in the time domain using pulsed excitation. These 
experiments used a 337 nm PTI GL3300 N2 laser with a pulse width 
of 600 ps. A Thorlabs PDA10CS high-speed InGaAs photodetector 
was used to measure NIR emission.

2.8.  DNA oligos used in this study. All DNA oligos used in 
this study were synthesized by Integrated DNA Technologies 
(IDT). All oligos shared the same sequence 5’ Fluorophore TGG 
TGG TGG TGG TGG TGG TGG TGG TGG TGG T terminal 
Phosphate group 3’. The fluorophore utilized were TAMRA, Alexa 
488, Alexa 594, Alexa 660, HEX, ROX, Cy5 and Cy5.5.

2.9. DNA functionalization of YbNdTCPB. 80 µg of 
compound 1 in methanol was washed twice via centrifugation (rcf 

16,900 x g, 5 min) with molecular biology grade water (500 µL) to 
remove residual alcohol. Compound 1 was then resuspended in 
50uL of molecular biology grade water.  To the resuspended 
compound 1, 20 µL of 100 µM DNA oligo in nuclease free water 
was added.  For mock functionalization, 20 µL of nuclease free 
water without oligo was used. Compound 1 was then incubated for 
4 hours at room temperature on a rotary tube mixer.  To remove 
unbound oligo, compound one was washed twice with nuclease 
free water (500 µL) via centrifugation (rcf 16,900 x g, 5 min).  
Samples were resuspended in nuclease free water. 

2.10. Quantification of DNA oligo on YbNdTCPB.  To a black 
walled, clear bottom 96 well plate, the following samples were 
added: 

 80 µg of Compound 1 mock functionalized in 50 µL of 
nuclease free water (control); 

 80 µg of Compound 1 functionalized with the 2.0 nmole 
Phospho-TAMRA oligo in 50 µL of nuclease free water,

 0.2 nmole of Phospho-TAMRA oligo in 50 µL of nuclease 
free water, 

 0.02 nmole of Phospho-TAMRA oligo in 50 µL of nuclease 
free water,5

 0 µL of nuclease free water
The fluorescence of each sample was read on a BioTek Synergy 
Neo2 microplate reader (Ex. 543/20, Em 84/20, gain 80). Each 
sample was read in triplicate. The oligo alone in water and the water 
samples were used to generate a standard curve to quantify the 
amount of oligo present on Compound 1.

2.11. Detection of fluorescent DNA oligo on YbNdTCPB. 50 
µL of Compound 1 samples with or without functionalization with 
fluorescent oligos were added to a black walled, clear bottom 96 
well plate. The fluorescence of each sample was read on a BioTek 
Synergy Neo2 microplate reader. For specific detection of DNA 
oligos, excitation and emission on the microplate reader were set 
based on the associated fluorophore. For spectral scans, the 
excitation was selected based on the fluorophore and emission was 
collected in 5nm increments. A full table of settings is available in 
the supplemental information. 

2.12. Optical microscopy imaging of fluorescent DNA oligo 
on YbNdTCPB. Compound 1 and compound 1 functionalized with 
fluorescently labeled oligo were deposited on a microscope slide.  
Prolong gold mounting media (Thermo Fisher) was used to mount 
a coverslip over the MOFs.  Mounting media was allowed to set 
overnight and then the edges were sealed with clear nail polish. The 
sealed slides were imaged on a Leica SP8 confocal microscope 
using 20x objective and a 4x zoom setting. The lambda scanning 
function was used to examine the spectral characteristics of 
compound 1 with and without the Phospho-TAMRA oligo. 
Lambda scans were taken with the 552 laser at 5% power and signal 
collected on a PMT detection with gain of 800.  The signal was 
collected from 560-780nm with a 5nm band and 5nm step size.  
Microscope images for compound 1 with various fluorescently 
labeled oligos were taken with settings selected for each 
fluorophore, a full table of settings is available in the supplemental 
information. To determine if the Phospho-TAMRA oligo was 
localized throughout the MOF or present only on the surface, Z-
stack images were taken and reconstructed in the Leica 3D viewer 
function within the Leica software.   

2.13. DNA detection with SYBR Gold. 100 µL of Compound 
1 samples with or without functionalization with fluorescent oligos 
were added to a black walled, clear bottom 96 well plate. The 
fluorescence of each sample was read on a BioTek Synergy Neo2 
microplate reader with excitations of 300/20 and 495/20 and 
emission at 540/20. SYBR Gold (ThermoFisher) was diluted 1:100 
in water to create a working stock.  1 µL of the working stock was 
added to each well.  Samples were incubated at room temperature 



for 30 minutes.  After 30 minutes the fluorescent readings were 
repeated.

3. RESULTS AND DISCUSSION

     The solvothermal reaction mixture containing 
Nd(NO3)3·6H2O, Yb(NO3)3·5H2O and the tetratopic organic 
linker TCPB in DMF and in the presence of 2-fluorobenzoic 
acid as a modulator resulted in single crystals with hexagonal 
prism morphology, as shown by SEM studies, Figure 1a. 
Elemental mapping on a representative compound 1 individual 
single crystal highlights a very homogeneous distribution of 
both Nd and Yb. Powder X-ray diffraction studies conducted on 
the bulk sample reveal a very good correlation between the 
calculated and experimental data, confirming the phase purity 
of the as-synthesized material, Figure 1b. To be noted, the 
experimental XRD pattern suffers from a preferred orientation 
effect, which amplifies intensity for the a-axis reflections.  This 
is evidenced by the two strongest peaks in the pattern which 
correspond to the (100) and (200) reflections.  The (101) 
reflection is tilted significantly away from the diffraction 
condition (i.e. >30) and therefore is suppressed in the 
experimental pattern.
     To gather molecular level insights into distinct structural 
features and the spatial arrangement of each of the individual 
metals, X-ray single crystal diffraction studies were conducted. 
To be noted, single crystal studies focused on deciphering the 
precise metal partitioning in heterometallic MOFs is not trivial, 
especially when the metals have similar electron densities.37-38 
As a result of these studies, compound 1 was formulated as 
{[(Yb6 (μ3-OH-)8(H2O)4(OH-)2][(Nd6(μ3-OH-)4(μ3-
O)2(H2O)6(OH-)2]} (TCPB)4. The material crystallizes in the P3 
space group and consists of two distinct polynuclear metal 
clusters; namely an ordered Yb-based hexanuclear cluster, 
Figure 2b, and a disordered hexanuclear Nd-based cluster, 
Figure 2c, connected by the TCPB organic linkers. 
     In the crystal structure of 1, the hexanuclear Yb-based 
cluster adopts a well characterized coordination, Figure 2b, 
previously observed in a series of RE-based MOFs as reported 
by us and others. 14-18 Within the hexanuclear cluster, four Yb 
metal centers are 8-coordinated and two display a 9-connected 
coordination geometry.  The metals are bridged by eight 
independent TCPB linkers, four on the top and four on the 
bottom of the cluster, eight μ3-OH groups and two equatorial 
OH groups. The remaining coordination sites are occupied by 
water molecules.
     The hexanuclear Nd-based cluster consists of two µ3-oxo Nd 
trimers in a staggered configuration, bridged together by four 
μ3-OH groups, and further extended by eight independent 
TCPB linkers, Figure 2c. The cluster is disordered where the 
alternate orientation is generated by a 180° rotation of the Nd-
based cluster about the c axis direction, thus inverting the apical 
positions on the cluster respect to the orientation shown in 
Figure 2c.



Notably, this is the first occurrence of this complex cluster in a 
MOF. Further, this is the first documented occurrence of a REE-
based hexanuclear cluster adopting this unique configuration. It 
has been previously reported as a discrete cluster, primarily 
with Fe39-40 and in an extended 1D coordination polymer.41

     The arrangement of each of the individual molecular 
building blocks gives rise to a three periodic mesoporous 
structure, with triangular channels of 11.9 Å and hexagonal 
channels of 26.7 Å in diameter, Figure 2d. The channels 
propagate along the c-axis direction with alternating layers 
composed of one type of the two possible  metal clusters. From 
a topological perspective, the TCPB linker acts as a 4-connected 
extension point, and the two hexanuclear clusters are depicted 
as 8-connected nodes, as illustrated by the corresponding 
geometrical figures shown in Figure 2, bottom row. 
Interestingly, although this material is based on two structurally 
distinct 8-connected nodes corresponding to each of the 
independent Yb and Nd ions, the two nodes are topologically 
equivalent. This results in a net with (4,8) connectivity, 
corresponding to a csq topology, previously reported in a series 
of Zr-based MOFs.42-45

Figure 1. (a) SEM image of single-crystal of 1 and 
corresponding EDS maps for Nd and Yb metal ions; (b) 
calculated (black) and experimental (red) PXRD patterns in 
compound 1. 
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Figure 2. Top: Ball-and-stick representation of (a) TCPB linker; (b) Yb-based hexanuclear cluster; (c) Nd-based hexanuclear cluster; 
(d) representative framework structure highlighting triangular and hexagonal porous channels. Atom color scheme: C = grey; O = red; 
Yb = dark green; Nd = light green. H atoms were omitted for clarity. Bottom: corresponding geometrical representations for each of 
the molecular building blocks depicted on the top row: (a) TCPB viewed as a 4-connected node; (b) Yb-based and (c) Nd-based 
clusters depicted as 8 connected nodes and (d) the resulting (4,8) net with csq topology.



     As mentioned above, the crystal structure of 1 reveals the 
potential for accessible mesoporosity as facilitated by the large 
porous channels along c axis. Accordingly, the permanent 
porosity was investigated by measuring the nitrogen adsorption 
isotherm at 77 K on the methanol exchanged and desolvated 
compound 1, Figure 3. The material displays an isotherm that 
best resembles the IVc type, with a pronounced knee noted in 
the 0.05 to 0.2 P/P0 pressure range, associated with the filling 
of mesoporous cages. The surface area was evaluated using the 
Brunauer−Emmett−Teller BET method, and was found to be 
1426 m2/g. Pore size distribution was calculated using a DFT 
model, Figure 3 inset, highlighting contributions from both the 
smaller triangular  micropores (~ 12 Å) and the larger hexagonal 
mesoporous channels (~ 27 Å). These values are in good 
agreement with those determined by single crystal X-ray 
diffraction analyses.

Figure 3. Nitrogen adsorption isotherms measured at 77 K on 
compound 1. 

     Further, the NIR photoluminescence properties in compound 
1 were investigated. When directly exciting the Nd metal ions 
at 808 nm, the characteristics emission peaks for Nd3+ at ~ 1325 
nm (4F3/2 − 

4I13/2 transitions) and ~ 1060 nm, (4F3/2 − 4I11/2 
transitions) were observed. Additionally, Yb3+ emission at ~ 
980 and 1025 nm (5F5/2 → 2F7/2 transition) was noted, as a result 
of Nd to Yb non-radiative energy transfer from the 4F5/2 energy 
level of Nd3+ to the 5F5/2 energy level of Yb3+, Figure 4a. Decay 
dynamics were monitored via time-domain PL-lifetime 
measurements by direct excitation of the TCPB ligand using a 
337 nm N2 laser. The lifetime displayed the characteristic 
biexponential decay previously observed in NdYb-based 
samples10 of τ1= 0.69 µs and τ2= 3 µs, Figure 4b.

Figure 4. (a) NIR photoluminescence spectra and (b) lifetime 
decay in compound 1.

     Following examination of the structural properties of 
compound 1, the ability of this heterometallic MOF to act as a 
base for DNA attachment via phosphate termination of the 
DNA oligo was assessed. Use of secondary labeling with oligos 
provides a unique, tailored fluorescent label addition without 
the need to modify the synthesis for each individual color 
desired and the ability to create controlled, multimodal 
emission in a single material.
     Phosphate terminated oligos have previously been 
demonstrated as a facile way to associate DNA oligos with a 
variety of MOFs.35-36  The terminal phosphate modified DNA 
oligos interact with the coordinatively unsaturated metal sites 
on the MOF surface facilitating dense surface functionalization 
with DNA oligos.35 To allow direct visualization and 
quantification of DNA oligo attachment, a phospho-terminated 
DNA oligo labeled with the fluorophore TAMRA was used.36 
When assessed for fluorescence, compound 1 shows no 
fluorescent signature in the expected range of the TAMRA 
fluorophore (Figure S1). However, when the TAMRA labeled 
DNA oligo is attached, significant fluorescence is present with 
both lamp and laser-based excitation on DNA oligo associated 
compound 1 (Figure S1). Spectral analysis using the lambda 
scan feature on confocal microscope demonstrates the 
fluorescent signature expected from the TAMRA molecule is 
present on compound 1 (Figure S1b). By comparing the 
intensity of the fluorescent signal to a standard curve of the 
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phospho-TAMRA oligo, it was determined that 0.035 nmol of 
oligo was attached per 100 µg of compound 1. This 
quantification may underestimate the amount of oligo present 
on compound 1, as a number of MOFs have shown quenching 
of fluorescent tags present on oligos.28-29 However, even if 
minimal quenching is occurring, the signal present on 
compound 1 is readily bright to visualize.

Figure 5. (a) Representative confocal images of compound 1 with 
and without DNA. Scale bar 25 µm. (b) 3D reconstruction of z-
stack images of compound 1 with TAMRA labeled DNA showing 
surface association of DNA oligo.

     Next, the potential to directly image the phospho-TAMRA 
oligo on compound 1 was evaluated.  Microscopic examination 
showed compound 1 was easily visible using light microscopy, 
but showed no fluorescent signature when illuminated with the 
552 nm laser in the absence of the TAMRA DNA oligo (Figure 
5a).  Addition of the phospho-TAMRA DNA oligo resulted in 
a strong fluorescent signature on compound 1. The visible 
association of the phospho-TAMRA oligo on the surface of the 
MOF is similar to previous observations of this oligo on the 
surface NU-1000 and further demonstrates the versatility of this 
attachment methodology.36 To determine if the oligo was able 
to access the internal volume of the compound 1 crystal, a series 
of confocal images in the Z plane were taken.  This z-stack was 
then reconstructed to create a 3D image of the MOF (Figure 5b). 

The 3D reconstruction demonstrated that the oligo is surface 
associated and does not access the interior of compound 1. 
Given the pore size of compound 1, the surface association was 
expected, and leaves open the possibility of using the internal 
structure of the MOF for the inclusion of other signature 
molecules.
     The ability to readily associate the phospho-tagged oligo to 
compound 1 raises the potential to use fluorescently tagged 
oligos as a post-synthetic functionalization approach to add 
optical complexity. An advantage to this strategy over direct 
incorporation during synthesis is that the phospho-tagged oligo 
can be commercially synthesized with a wide range of 
fluorescent labels and selectively added via post-synthesis to 
create a unique signature without requiring alterations in the 
MOF synthesis.    To test this possibility, 7 additional 
fluorophores that covered the wide range of commercially 
available fluorophores were selected for oligo inclusion (Figure 
S2). These oligos with alternate fluorescent labels were 
individually attached to compound 1 and the spectra of each 
label on the MOF was assessed (Figure 6).  The spectral scans 
showed the ability to detect each fluorescently labeled DNA 
oligo on compound 1 and the retention of spectral separation of 
the fluorescent labels associated with compound 1.  
     Following determination of spectral separation, the ability to 
detect the fluorescent oligo on the MOF surface using set 
excitation and emission was evaluated (Figure S3). In each case, 
the compound 1 alone had little to no detectable signal at the 
excitations and emissions set for the attached fluorophores.  
This was expected as Yb and Nd emit in the NIR rather than the 
visible range. Additionally, while the linker does emit in the 
visible range, the excitation and emission spectra do not overlap 
with the fluorophores selected. 

Figure 6. Spectral scans of compound 1 labeled with individual 
fluorescently labeled DNA oligos. 

     Detection via microplate reader confirmed that all of the 
fluorescently labelled oligos were successfully attached and 
detectable on compound 1. The feasibility to use the microplate 
reader to validate the identity of the fluorescent oligo is very 
important in the context of implementing low-cost, easily 
accessible, standard laboratory equipment. While all the 



fluorescent oligo labeled compound 1 samples were 
successfully detected, the intensity of the signal varied (Figure 
S3).  In general, the labels with emission range of 520-620 nm 
were stronger than those in the range above 680 nm. 

 

Figure 7. Confocal microscopy images of compound 1 with and 
without fluorescent labeled DNA oligos visualized by 
transillumination and fluorescence. Fluorescent images are color 
coded to identify the laser used for fluorescent visualization, 
488nm (green), 552nm (red) and 638nm (turquoise). Scale bar 20 
µm.

     Following confirmation of oligo attachment regardless of 
fluorescent label, the ability to visualize these labels on the 

surface of compound 1 via microscopy was assessed (Figure 7). 
All 7 additional fluorophore labeled oligos were visible on the 
surface of compound 1. Similar to the previous imaging of the 
TAMRA labeled DNA oligo (Figure 5), the labeling with the 
new oligos is surface associated, resulting in strong labeling 
along the edges of compound 1, when imaged via confocal 
microscopy. The intensity of the signal varied between various 
fluorophores.  This variation was expected as the lasers have 
different efficiencies in excitation of the various fluorophores.  
For example, the 488 nm laser is more efficient at exciting 
Alexa488 than HEX and the 638 nm laser is more efficient at 
exciting Cy5 than Cy5.5.  While the efficiency of excitation 
may account for some of the variability in signal, it does not 
account for all of it.  The fluorophores have known differences 
in brightness that are also visible. For example, Cy5 and 
Alexa660 have the same efficiency for excitation with the 
638nm laser, but Cy5 is known to be brighter than Alexa660. A 
wide variety of fluorescent labels are commercially available 
and could be attached to the phosphor-terminated oligo to allow 
tailoring to both the detection system and the desired signal 
brightness.
     Next, the potential to design a complex, multimodal 
emission signature via concomitant labeling of 3 distinct 
fluorescently oligos to compound 1 was explored.  Two 
different designs were created, that each utilized 3 fluorescent 
oligos (Figure S4 & S5). These designs were chosen to allow 
specific detection of a single fluorescent signal on each laser.  
Single and tri labeled compound 1 samples based on tri label 
design 1 were created for comparison. The samples were first 
examined by microplate reader (Figure 8). All of the single 
labeled compound 1 samples showed little to no background 
signal in the other channels.  The signals from the ROX and 
Alexa488 oligos were stronger than the Cy5.5 signal, but all 
signals were readily detectable.  When all three labels were 
attached to compound 1 simultaneously, all three signals were 
readily detectable within the same sample.  
     Following the success with the first design, the matched 
single and tri labeled compound 1 samples for the second tri 
labeled design were created. Similar to the first design, all three 
single label samples showed little to no signal in the alternate 
channels and the tri labeled compound 1 clearly showed all 
three fluorescently labeled oligos were present within a single 
sample (Figure S6).

Figure 8. Detection of single and tri labeling of compound 1 with 
fluorescent oligos, Design 1.  Detection was done using a 



microplate reader, samples were assessed for each potential 
fluorophore (Alexa488, ROX and Cy5.5), the excitation and 
emission settings for each are displayed in the legend. 

     Following confirmation that the tri labeled compound 1 
samples were triply labeled and that the signals could be 
differentiated, these samples were imaged via confocal 
microscopy. Visualization of the design 1 tri-labeled and 
matched single labeled samples demonstrates selective 
visualization of all three labels within the same sample (Figure 
9). Comparison with the matched single labeled samples shows 
no cross talk between the channels and demonstrates the 
specificity of the detection. To determine if other fluorophore 
combinations could also be utilized, the tri label design 2 
sample was also examined via confocal microscopy.  Similar to 

the design one samples, all three fluorophores could be 
distinctly identified within the same sample (Figure S7).  
    

 Finally, to further demonstrate the DNA inclusion as a 
secondary covert element in the multifunctional optical tag 
designed here, we evaluated the potential to visualize its 
presence via targeted dye interaction. DNA labeled with the 
interacting dye, SYBR Green I has previously been proposed as 
a method to create tags via labeled DNA stabilized with silica.42 
As the DNA itself was not intended to act as the visible element 
in this system, we tested if the DNA could be identified in the 
full complex via post labeling rather than prelabeled. Addition 
of SYBR Gold to oligo labeled compound 1 resulted in in a 
significant fluorescent signature in the presence of oligo DNA 

Figure 9. Confocal microscopy images of compound 1 with single or triple fluorescent labeled DNA oligos (Design 1) visualized by 
transillumination and fluorescence. Fluorescent images are color coded to identify the laser used for fluorescent visualization, 488nm (green), 
552nm (red) and 638nm (turquoise). Scale bar 20 µm.



(Figure 10, Figure S8). Interestingly, examination of compound 
1 labeled with Alexa 488 oligo demonstrated the potential to 
detect the DNA, even in the presence of a fluorophore with an 
overlapping signature. The post labeling of the DNA 
demonstrates the potential to use DNA detection as an 
additional confirmation methodology for the complex tag 
system presented herein.

Figure 10. Detection of oligo DNA on compound 1 with SYBR 
gold.  Detection was done using a microplate reader with 
excitation of 495nm and emission of 540nm.

4. CONCLUSIONS
  

In summary, here we implemented a novel strategy for 
optical tag encoding in a single material with programmable, 
multimodal photoluminescence via intrinsic and DNA-
fluorophore association. 

To accomplish this, we designed and synthesized a novel 
mixed cluster heterometallic mesoporous NdYb-based MOF, 
with built in covert NIR-emitting features. We demonstrate the 
two metals are crystallizing in two chemically distinct, 
homometallic hexanuclear clusters. The Nd-based cluster is 
observed here for the first time with an REE. Furthermore, this 
is the first example of a MOF-based on this cluster chemistry, 
highlighting the potential of polynuclear, heterometallic REE-
based MOFs to meet yet to be realized topological needs and 
result in increased MOF functionality.

To enhance the tag’s complexity, the parent MOF compound 
was postsynthetically modified via a highly tunable fluorescent 
DNA oligo labeling design strategy. The successful attachment 
of seven distinct fluorophores was demonstrated, with 
excitation and emission properties covering the visible 
spectrum (480-800 nm). This strategy allows for an expanded 
optical tag design via a wide range of fluorescent labels 
selectively added post-synthetically, to create a unique 
signature without requiring alterations in the MOF synthesis. 
Furthermore, the concomitant attachment of up to three distinct 
fluorescently labeled oligos was confirmed in a proof-of-
concept experiment. Finally, DNA inclusion as a secondary 

covert element was demonstrated via detection of SYBR Gold 
dye association. To be noted, the intrinsic porosity is 
deliberately preserved throughout these modifications as an 
additional element of the tag.  This feature further enables 
subsequent modifications to increase the complexity of the tag 
via inclusion of other functional components.

The design strategy implemented here highlights a fast and 
tunable method to encode distinct information in a modular 
fashion to allow the rational design of an extensive library of 
very elaborate, difficult to counterfeit optical tags. Ongoing 
work is focused on exploiting this material system as a sensing 
platform to environmentally relevant events. 
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Supporting Information. X-ray single-crystal data collection and 
determination, microplate reader and microscopy settings for 
detection and imaging of fluorescently labeled oligos, spectral 
design and analysis, detection and microscopy imaging of single 
and tri labeled of compound 1 with fluorescent oligos. This material 
is available free of charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION
Corresponding Author
*dfsava@sandia.gov

ACKNOWLEDGMENT 
The authors would like to acknowledge Dr. Lauren Rohwer and 
Dr. Ting Luk for help with NIR PL measurements, and Dr. 
Jacob Deneff for SEM-EDS support. This research was 
supported by the Laboratory Directed Research and 
Development Program at Sandia National Laboratories and was 
performed, in part, at the Center for Integrated 
Nanotechnologies, an Office of Science User Facility operated 
for the U.S. Department of Energy (DOE) Office of Science. 
Sandia National Laboratories is a multimission laboratory 
managed and operated by National Technology and 
Engineering Solutions of Sandia, LLC., a wholly owned 
subsidiary of Honeywell International, Inc., for the U.S. 
Department of Energy’s National Nuclear Security 
Administration under contract DE-NA-0003525. The views 
expressed in this article do not necessarily represent the views 
of the U.S. Department of Energy or the United States 
Government.

REFERENCES
1. Guillou, O.; Daiguebonne, C.; Calvez, G.; Bernot, K. A Long 
Journey in Lanthanide Chemistry: From Fundamental Crystallogenesis 
Studies to Commercial Anticounterfeiting Taggants. Accounts of Chemical 
Research 2016, 49, 844-856.
2. Abdollahi, A.; Roghani-Mamaqani, H.; Razavi, B.; Salami-
Kalajahi, M. Photoluminescent and Chromic Nanomaterials for 
Anticounterfeiting Technologies: Recent Advances and Future Challenges. 
ACS Nano 2020, 14, 14417-14492.
3. Shikha, S.; Salafi, T.; Cheng, J.; Zhang, Y. Versatile design and 
synthesis of nano-barcodes. Chemical Society Reviews 2017, 46, 7054-
7093.
4. Bernot, K.; Daiguebonne, C.; Calvez, G.; Suffren, Y.; Guillou, 
O. A Journey in Lanthanide Coordination Chemistry: From Evaporable 
Dimers to Magnetic Materials and Luminescent Devices. Accounts of 
Chemical Research 2021, 54, 427-440.
5. Maouche, R.; Belaid, S.; Benmerad, B.; Bouacida, S.; 
Daiguebonne, C.; Suffren, Y.; Freslon, S.; Bernot, K.; Guillou, O. Highly 



Luminescent Europium-Based Heteroleptic Coordination Polymers with 
Phenantroline and Glutarate Ligands. Inorganic Chemistry 2021, 60, 3707-
3718.
6. Tang, Q.; Liu, S.; Liu, Y.; He, D.; Miao, J.; Wang, X.; Ji, Y.; 
Zheng, Z. Color Tuning and White Light Emission via in Situ Doping of 
Luminescent Lanthanide Metal–Organic Frameworks. Inorganic Chemistry 
2014, 53, 289-293.
7. White, K. A.; Chengelis, D. A.; Gogick, K. A.; Stehman, J.; 
Rosi, N. L.; Petoud, S. Near-Infrared Luminescent Lanthanide MOF 
Barcodes. Journal of the American Chemical Society 2009, 131, 18069-
18071.
8. Wang, J.; Suffren, Y.; Daiguebonne, C.; Freslon, S.; Bernot, K.; 
Calvez, G.; Le Pollès, L.; Roiland, C.; Guillou, O. Multi-Emissive 
Lanthanide-Based Coordination Polymers for Potential Application as 
Luminescent Bar-Codes. Inorganic Chemistry 2019, 58, 2659-2668.
9. Zhang, H.-B.; Liu, M.; Lei, X.; Wen, T.; Zhang, J. Digital 
Controlled Luminescent Emission via Patterned Deposition of Lanthanide 
Coordination Compounds. ACS Applied Materials & Interfaces 2014, 6, 
12594-12599.
10. Deneff, J. I.; Butler, K. S.; Rohwer, L. E. S.; Pearce, C. J.; 
Valdez, N. R.; Rodriguez, M. A.; Luk, T. S.; Sava Gallis, D. F. Encoding 
Multilayer Complexity in Anti-Counterfeiting Heterometallic MOF-Based 
Optical Tags. Angewandte Chemie International Edition 2021, 60, 1203-
1211.
11. Gao, Z.; Xu, B.; Zhang, T.; Liu, Z.; Zhang, W.; Sun, X.; Liu, Y.; 
Wang, X.; Wang, Z.; Yan, Y.; Hu, F.; Meng, X.; Zhao, Y. S. Spatially 
Responsive Multicolor Lanthanide-MOF Heterostructures for Covert 
Photonic Barcodes. Angewandte Chemie International Edition 2020, 59, 
19060-19064.
12. Abednatanzi, S.; Gohari Derakhshandeh, P.; Depauw, H.; 
Coudert, F.-X.; Vrielinck, H.; Van Der Voort, P.; Leus, K. Mixed-metal 
metal–organic frameworks. Chemical Society Reviews 2019, 48, 2535-
2565.
13. Masoomi, M. Y.; Morsali, A.; Dhakshinamoorthy, A.; Garcia, 
H. Mixed-Metal MOFs: Unique Opportunities in Metal–Organic 
Framework (MOF) Functionality and Design. Angewandte Chemie 
International Edition 2019, 58, 15188-15205.
14. Xue, D.-X.; Cairns, A. J.; Belmabkhout, Y.; Wojtas, L.; Liu, Y.; 
Alkordi, M. H.; Eddaoudi, M. Tunable Rare-Earth fcu-MOFs: A Platform 
for Systematic Enhancement of CO2 Adsorption Energetics and Uptake. 
Journal of the American Chemical Society 2013, 135, 7660-7667.
15. Sava Gallis, D. F.; Rohwer, L. E. S.; Rodriguez, M. A.; 
Barnhart-Dailey, M. C.; Butler, K. S.; Luk, T. S.; Timlin, J. A.; Chapman, 
K. W. Multifunctional, Tunable Metal–Organic Framework Materials 
Platform for Bioimaging Applications. ACS Applied Materials & Interfaces 
2017, 9, 22268-22277.
16. Luebke, R.; Belmabkhout, Y.; Weselinski, L. J.; Cairns, A. J.; 
Alkordi, M.; Norton, G.; Wojtas, L.; Adil, K.; Eddaoudi, M. Versatile rare 
earth hexanuclear clusters for the design and synthesis of highly-connected 
ftw-MOFs. Chemical Science 2015, 6, 4095-4102.
17. Sava Gallis, D. F.; Vogel, D. J.; Vincent, G. A.; Rimsza, J. M.; 
Nenoff, T. M. NOx Adsorption and Optical Detection in Rare Earth Metal–
Organic Frameworks. ACS Applied Materials & Interfaces 2019, 11, 
43270-43277.
18. Butler, K. S.; Pearce, C. J.; Nail, E. A.; Vincent, G. A.; Sava 
Gallis, D. F. Antibody Targeted Metal–Organic Frameworks for 
Bioimaging Applications. ACS Applied Materials & Interfaces 2020, 12, 
31217-31224.
19. Henkelis, S. E.; Vogel, D. J.; Metz, P. C.; Valdez, N. R.; 
Rodriguez, M. A.; Rademacher, D. X.; Purdy, S.; Percival, S. J.; Rimsza, J. 
M.; Page, K.; Nenoff, T. M. Kinetically Controlled Linker Binding in Rare 
Earth-2,5-Dihydroxyterepthalic Acid Metal–Organic Frameworks and Its 
Predicted Effects on Acid Gas Adsorption. ACS Applied Materials & 
Interfaces 2021, 13, 56337-56347.
20. Guillerm, V.; WeselińskiŁukasz, J.; Belmabkhout, Y.; Cairns, 
A. J.; D'Elia, V.; WojtasŁukasz; Adil, K.; Eddaoudi, M. Discovery and 
introduction of a (3,18)-connected net as an ideal blueprint for the design of 
metal–organic frameworks. Nat Chem 2014, 6, 673-680.
21. AbdulHalim, R. G.; Bhatt, P. M.; Belmabkhout, Y.; Shkurenko, 
A.; Adil, K.; Barbour, L. J.; Eddaoudi, M. A Fine-Tuned Metal–Organic 
Framework for Autonomous Indoor Moisture Control. Journal of the 
American Chemical Society 2017, 139, 10715-10722.
22. Quezada-Novoa, V.; Titi, H. M.; Sarjeant, A. A.; Howarth, A. J. 
Building a shp: A Rare-Earth Metal–Organic Framework and Its 

Application in a Catalytic Photooxidation Reaction. Chemistry of Materials 
2021, 33, 4163-4169.
23. Alezi, D.; Peedikakkal, A. M. P.; Weseliński, Ł. J.; Guillerm, 
V.; Belmabkhout, Y.; Cairns, A. J.; Chen, Z.; Wojtas, Ł.; Eddaoudi, M. 
Quest for Highly Connected Metal–Organic Framework Platforms: Rare-
Earth Polynuclear Clusters Versatility Meets Net Topology Needs. Journal 
of the American Chemical Society 2015, 137, 5421-5430.
24. Cheisson, T.; Schelter, E. J. Rare earth elements: Mendeleev’s 
bane, modern marvels. Science 2019, 363, 489.
25. Zucchi, G.; Maury, O.; Thuéry, P.; Ephritikhine, M. Structural 
Diversity in Neodymium Bipyrimidine Compounds with Near Infrared 
Luminescence: from Mono- and Binuclear Complexes to Metal-Organic 
Frameworks. Inorganic Chemistry 2008, 47, 10398-10406.
26. Su, K.; Jiang, F.; Wu, M.; Qian, J.; Pang, J.; Yuan, D.; Hong, M. 
Syntheses, structures, luminescence and magnetic properties of three high-
nuclearity neodymium compounds based on mixed sulfonylcalix[4]arene-
phosphonate ligands. CrystEngComm 2016, 18, 4921-4928.
27. Sava Gallis, D. F.; Butler, K. S.; Rohwer, L. E. S.; McBride, A. 
A.; Vincent, G.; Chong, C. V.; Pearce, C. J.; Luk, T. S. Biocompatible 
MOFs with high absolute quantum yield for bioimaging in the second near 
infrared window. CrystEngComm 2018, 20, 5919-5924.
28. Wang, Y.; Hu, Y.; He, Q.; Yan, J.; Xiong, H.; Wen, N.; Cai, S.; 
Peng, D.; Liu, Y.; Liu, Z. Metal-organic frameworks for virus detection. 
Biosensors and Bioelectronics 2020, 169, 112604.
29. Wu, F.; Ye, J.; Cao, Y.; Wang, Z.; Miao, T.; Shi, Q. Recent 
advances in fluorescence sensors based on DNA-MOF hybrids. 
Luminescence 2020, 35, 440-446.
30. Zhuang, J.; Young, A. P.; Tsung, C.-K. Integration of 
Biomolecules with Metal-Organic Frameworks. small 2017, 13, 1700880.
31. Morris, W.; Briley, W. E.; Auyeung, E.; Cabezas, M. D.; Mirkin, 
C. A. Nucleic Acid-Metal Organic Framework (MOF) Nanoparticle 
Conjugates. J. Am. Chem. Soc 2014, 136, 7261-7264.
32. Kahn, J. S.; Freage, L.; Enkin, N.; Garcia, M. A. A.; Willner, I. 
Stimuli-Responsive DNA-Functionalized Metal-Organic Frameworks 
(MOFs). Advanced Materials 2017, 29, 1602782.
33. Ning, W.; Di, Z.; Yu, Y.; Zeng, P.; Di, C.; Chen, D.; Kong, X.; 
Nie, G.; Zhao, Y.; Li, L. Imparting Designer Biorecognition Functionality 
to Metal-Organic Frameworks by a DNA-Mediated Surface Engineering 
Strategy. small 2018, 14, 1703812.
34. Wang, Z.; Fu, Y.; Kang, Z.; Liu, X.; Chen, N.; Wang, Q.; Tu, 
Y.; Wang, L.; Song, S.; Ling, D.; Song, H.; Kong, X.; Fan, C. Organelle-
Specific Triggered Release of Immunostimulatory Oligonucleotides form 
Intrinsically Coordinated DNA-Metal-Organic Frameworks with Soluble 
Exoskeleton. J. Am. Chem. Soc 2017, 139, 15784-15791.
35. Wang, S.; McGuirk, C. M.; Ross, M. B.; Wang, S.; Chen, P.; 
Xing, H.; Liu, Y.; Mirkin, C. A. Gerneral and Direct Method for Preparing 
Oligonucleotide-Functionalized Metal-Organic Framework Nanoparticles. 
J. Am. Chem. Soc 2017, 139, 9827-9830.
36. Wang, S.; Chen, Y.; Wang, S.; Li, P.; Mirkin, C. A.; Farha, O. 
K. DNA-Functionalized Metal-Organic Framework Nanoparticles for 
Intracellular Delivery of Proteins. J. Am. Chem. Soc 2019, 141, 2215-2219.
37. Liu, Q.; Cong, H.; Deng, H. Deciphering the Spatial 
Arrangement of Metals and Correlation to Reactivity in Multivariate Metal–
Organic Frameworks. Journal of the American Chemical Society 2016, 138, 
13822-13825.
38. Ji, Z.; Li, T.; Yaghi, O. M. Sequencing of metals in multivariate 
metal-organic frameworks. Science 2020, 369, 674-680.
39. Micklitz, W.; Lippard, S. J. A novel hexairon(III) aggregate 
prepared from a basic iron(III) benzoate. Possible building blocks in ferritin 
core formation. Inorganic Chemistry 1988, 27, 3067-3069.
40. Ehsan, M. A.; Tahir, A. A.; Hamid, M.; Mazhar, M.; 
Wijayantha, K. G. U.; Zeller, M. Deposition of iron titanate/titania ceramic 
composite thin films from a single molecular precursor. Inorganica 
Chimica Acta 2011, 376, 189-194.
41. Baca, S. G.; Secker, T.; Mikosch, A.; Speldrich, M.; van Leusen, 
J.; Ellern, A.; Kögerler, P. Avoiding Magnetochemical 
Overparametrization, Exemplified by One-Dimensional Chains of 
Hexanuclear Iron(III) Pivalate Clusters. Inorganic Chemistry 2013, 52, 
4154-4156.
42. Morris, W.; Volosskiy, B.; Demir, S.; Gándara, F.; McGrier, P. 
L.; Furukawa, H.; Cascio, D.; Stoddart, J. F.; Yaghi, O. M. Synthesis, 
Structure, and Metalation of Two New Highly Porous Zirconium Metal–
Organic Frameworks. Inorganic Chemistry 2012, 51, 6443-6445.
43. Feng, D.; Gu, Z.-Y.; Li, J.-R.; Jiang, H.-L.; Wei, Z.; Zhou, H.-
C. Zirconium-Metalloporphyrin PCN-222: Mesoporous Metal–Organic 



Frameworks with Ultrahigh Stability as Biomimetic Catalysts. Angewandte 
Chemie International Edition 2012, 51, 10307-10310.
44. Mondloch, J. E.; Bury, W.; Fairen-Jimenez, D.; Kwon, S.; 
DeMarco, E. J.; Weston, M. H.; Sarjeant, A. A.; Nguyen, S. T.; Stair, P. C.; 
Snurr, R. Q.; Farha, O. K.; Hupp, J. T. Vapor-Phase Metalation by Atomic 
Layer Deposition in a Metal–Organic Framework. Journal of the American 
Chemical Society 2013, 135, 10294-10297.
45. Li, P.; Chen, Q.; Wang, T. C.; Vermeulen, N. A.; Mehdi, B. L.; 
Dohnalkova, A.; Browning, N. D.; Shen, D.; Anderson, R.; Gómez-
Gualdrón, D. A.; Cetin, F. M.; Jagiello, J.; Asiri, A. M.; Stoddart, J. F.; 
Farha, O. K. Hierarchically Engineered Mesoporous Metal-Organic 
Frameworks toward Cell-free Immobilized Enzyme Systems. Chem 2018, 
4, 1022-1034.

 


