
Luminescent Properties of Anthracene-based Metal-Organic Frameworks 

 

Jennifer Maria Rowe 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in 
partial fulfillment of the requirements for the degree of 

 

Master of Science 

In 

Chemistry 

 

 

Amanda J. Morris, Chair 

Brian M. Tissue 

John Morris 

 

May 6, 2016 

Blacksburg, VA 

 

Key words: Metal-Organic Frameworks, luminescence, photophysics, anthracene 



 

 

Luminescent Properties of Anthracene-based Metal-Organic Frameworks 
 

Jennifer Maria Rowe 

Abstract: Metal-organic frameworks (MOFs) are crystalline materials composed of metal clusters 

and organic ligands. MOFs that exhibit photoluminescence are promising materials for a broad 

range of applications. Due to their structural tunability and crystalline nature, luminescent MOFs 

also provide an excellent platform for studying structure–property relationships of materials.   

The photophysical properties of three anthracene-dicarboxylic acids – 1,4-anthracene 

dicarboxylic acid (1,4-ADCA), 2,6-anthracene dicarboxylic acid (2,6-ADCA) and 9,10-

anthracene dicarboxylic acid (9,10-ADCA) – were studied in a series of polar aprotic solvents 

using steady-state absorption, steady-state emission spectroscopy and time-correlated single 

photon counting (TCSPC) emission lifetime spectroscopy. The addition of carboxylic acid 

functional groups on the anthracene ring alters photophysical properties to varying degrees 

depending on the location and protonation state. Density functional theory (DFT) calculations 

reveal that the lowest-energy ground-state structures of both 2,6-ADCA and 1,4-ADCA have 

dihedral angles between the carboxylic acids and aromatic planes of θ = 0°, while the same 

dihedral angle increases to θ = 56.6° for 9,10-ADCA. Time-dependent DFT calculations suggest 

that the carboxyl groups of 1,4-ADCA and 2,6-ADCA remain coplanar with the anthracene ring 

system in the excited state. In contrast, the calculations reveal significant changes between the 

ground and excited geometries for 9,10-ADCA and puckering of the anthracene moiety of is 

observed.  

The three anthracene dicarboxylic acids were then incorporated into zirconium-based 

MOFs. The MOF structures were characterized using powder X-ray diffraction (PXRD) and 

scanning electron microscopy (SEM). The steady-state absorption and emission spectra as well as 
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the fluorescence lifetimes of the MOFs were compared to that of the corresponding ligand 

in solution. The MOFs comprising 9,10-ADCA and 2,6-ADCA formed highly crystalline 

octahedral shaped crystals and were found to be isostructural with the well-known UiO-66 and 

UiO-67 frameworks. However, incorporation of the 1,4-ADCA ligand resulted in large rod-shaped 

crystals. The absorption spectra of the MOFs are broadened and redshifted compared with that of 

the corresponding free ligands. The emission spectra of the MOFs constructed from 9,10-ADCA 

and 1,4-ADCA display emission bands that resemble that of the free ligand in acidic solutions, but 

are slightly broadened and redshifted in the MOF. Little difference is observed between that of 

2,6-ADCA within the MOF and in acidic solution. The broadening and redshift observed in the 

absorption and emission is indicative of intermolecular interactions between anthracene units 

and/or with the Zr4+ clusters. The fluorescence lifetimes measured for the anthracene-based MOFs 

show a long component, comparable to the lifetime of the free ligand, along with shorter 

component. This may also suggest intermolecular interactions between chromophores in the 

MOFs.  

Altogether, derivatization of anthracene was shown to have specific effects on the 

photophysical properties of the parent anthracene molecule. These properties are further altered 

when the ligand is incorporated into a metal organic framework. Such systematic studies can 

provide a guide in designing luminescent MOFs with the excited-state properties desired for a 

given application. 
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1. Introduction 

1.1. Anthracene Photophysics 

1.1.1. Photophysical Processes 

Anthracene is a polycyclic aromatic hydrocarbon and well-known organic fluorophore 

composed of three linearly fused benzene rings. Due to its synthetic accessibility and unique 

photophysical properties, anthracene and its derivatives have been extensively studied since its 

discovery in 1832.1 The excited-state properties of anthracene can be fine-tuned through synthetic 

modification, lending it to a wide range of applications. The photophysical and charge-transport 

properties of anthracene derivatives have led to its widespread applications in the development of 

optoelectronics devices such as organic light-emitting diodes (OLEDs), and organic field-effect 

transistors (OFETs) as well as in photocatalysts and fluorescence sensors.2 

 
Figure 1.1.1. Jablonski diagram illustrating the excited states transitions upon absorption of a 
photon of light (hn) where S0 represents the ground state, S1 and S2 represent the singlet excited 
states, T1 and T2 the triplet excited states, kr = non-radiative decay rate constant, kvr = vibrational 
relaxation rate constant, kf = fluorescence, kisc = intersystem crossing rate constant, kp = 
phosphorescence rate constant and kr = the reaction rate constant.  
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Upon absorption of a photon of the appropriate energy, a molecule is promoted from its singlet 

ground state, to a singlet excited state. The excited state of the molecule is metastable and can 

undergo deactivation through several different mechanisms (Figure 1.1.1). This occurs most 

frequently through intramolecular radiative and non-radiative deactivations and can also occur 

through intermolecular chemical reactions. The three competing processes of intramolecular 

excited-state deactivation are non-radiative decay to the ground state (internal conversion, IC); 

radiative decay to the ground state (fluorescence); and intersystem crossing (ISC) to the triplet 

state, which involves a change in spin multiplicity. After ISC, T1 can be deactivated through non-

radiative (internal conversion) or radiative (phosphorescence) decay to the ground state.3  

The probability of an electronic transition is expressed by the magnitude of the oscillator 

strength of the transition (f), which is proportional to the integral of the transition dipole moment. 

given by equation 1.1, where µ is the transition moment dipole operator and ΨGS and ΨES are the 

wavefunctions of the ground state and excited state, respectively. 

     ∫Ψ#$𝜇Ψ&$	d𝜐     (1.1) 

Electronic transitions are governed by the spin and the symmetry selection rules. The spin selection 

rule states that electron spin multiplicity is maintained during a transition. Thus, S à T transitions 

are formally forbidden, however, they can become partially allowed due to spin-orbit coupling. 

The symmetry selection rule dictates that the integral of the transition moment must be non-zero 

and must contain the totally symmetric representation of the group, i.e. a change in dipole must 

occur. However, such transitions are observed due to vibrations, which distort the molecular 

symmetry, allowing the wavefunctions to mix. Transitions that are both symmetry and spin 

allowed will give rise to intense bands in the absorption spectrum with high molar absorptivities 
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while transitions that are only partially allowed will appear as bands with much lower molar 

absorptivities.4 

 
Figure 1.1.2. Absorbance spectrum of anthracene in THF showing the π→π* transitions with 
dipole moments oriented along the long axis (1A→1Bb, purple) and across the short axis (1A→1La, 
dark blue) of anthracene and emission spectrum arising from the 1La→1A transition (light blue). 

The absorption spectrum of anthracene (Figure 1.1.2) is characterized by two sets of bands 

in the 220 – 280 nm and 290 – 400 nm ranges, corresponding to three different π→π* transitions. 

The absorption observed in each region displays vibronic structure and correspond to one of two 

transition moments oriented along the molecular axes. The transition dipole of the low-energy 

transition centered around 256 nm, corresponding to a 1A→1Bb transition (Platt notation),5 is 

polarized along the long axis. The low-energy transition centered around 386 nm, corresponding 

to a 1A→1La transition, is polarized along the short axis, as illustrated in Figure 1.1.2.6,7,8 Another 

longitudinally polarized transition of 1A→1Lb character is also present, however, the oscillator 

strength of this transition is weak and is obscured by the much more intense 1A→1La transition 

band. The mirror image relationship observed between the 1A→1La absorption bands and the 

1La→1A emission band is indicative of a negligible change in the nuclear coordinates between the 
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1A ground state and 1La excited state from which the emission originates.9 Thus, according to the 

Frank-Condon Principle, the geometry of the excited state of anthracene is similar to that of the 

ground state.3 When the overlap integral between vibrational levels is large, the molecule can 

quickly relax through IC, however, the rate of fluorescence can compete with IC when the overlap 

integral is large. Kasha’s rule states that photon emission occurs only from the lowest excited state 

therefore; emission wavelength is independent of excitation wavelength in most cases. The 

positions of both the steady-state absorption and emission bands of anthracene are independent of 

solvent at room temperature.10 Non-radiative energy losses give rise to a Stokes shift, which is 

describes the energy gap between the lowest energy maximum of the absorption spectrum and the 

highest energy maximum of the emission spectrum. Anthracene displays a Stokes shift of 0.0248 

eV in cyclohexane at room temperature.11 Light activated processes are described in terms of 

quantum yields (equation 1.1) and excited state lifetimes (equation 1.2) The quantum yield (Φ) is 

a measure of the efficiency of a process and for emission it is the number of photons emitted over 

the number of photons absorbed. The excited state lifetime (τ) is the amount of time a molecule is 

in the excited state and is given by the inverse of the rate constants of all pathways of 

deactivation.12 

              (1.2) 

                   (1.3) 

 

The fluorescence quantum yield (Φfl) and fluorescence lifetime (τfl) of anthracene are 

largely insensitive to changes in solvation environment at room temperature.4, 13 For example, the 

fluorescence lifetimes measured in benzene, cyclohexane and ethanol are 4.29 ns, 5.24 ns, and 5.1 

€ 
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ns, respectively and the quantum yield of fluorescence is between 0.27 and 0.36 in the same 

solvents 4.29.14 The fluorescence and phosphorescence quantum yields of anthracene were studied 

in polymethylmethacrylate at temperatures ranging from 77 K to 298 K. A decrease in the 

fluorescence quantum yields was observed as temperature decreased, which was attributed to an 

increase in the rate of the competing process of intersystem crossing, kISC, as the rate of 

fluorescence, kf, showed only negligible temperature dependence.15 

The singlet excited state of anthracene undergoes ISC to the triplet excited state with a 

quantum efficiency of ~ 0.7 and a rate of ~ 6 × 107 s-1. The quantum yield of fluorescence is ~ 0.3 

and the rate of fluorescence decay is ~ 1 × 108 s-1.16 Thus, the amount of energy lost through 

internal conversion (kic ~ 1 × 106 s-1) in the singlet excited state is negligible. The rate of radiative 

decay from the triplet state is much slower (kr,p = 1.46 × 108 s-1) than that of internal conversion 

(kic = 1.2 × 106 s-1).16-17 Thus, non-radiative decay processes, such as intramolecular vibrations and 

solvent collisions outcompete radiative emission from the triplet excited state and 

phosphorescence is not observed in room temperature solutions. Phosphorescence from organic 

fluorophores is usually measured at cryogenic temperatures to reduce non-radiative decay rates. 

Recently, a method of measuring the room-temperature phosphorescence from anthracene was 

reported. The chromophore was embedded in a solid matrix of poly(4-bromostyrene), allowing for 

control of the modes of ISC, and the triplet excited-state lifetime was found to be 8 ms.18 

1.1.2. Singlet Fission  

 Anthracene can be promoted directly into the triplet state through singlet fission (SF). SF 

is a process in which a chromophore in the singlet excited state energetically couples with a nearby 

chromophore in the ground state and produces two triplet excited states. Although first reported 

by Schnider et al in 1965, this process has captured the interest of researchers in recent years as a 
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means to overcome the Shockley-Quisser limit of single junction solar cell from, of ~ 31% to 

44.2%.19,20 Because multiple excitons are generated from the absorption of one photon, SF systems 

with quantum yield greater than 100% have been reported.21  Additionally, direct promotion to the 

triplet state avoids the energy losses that result from relaxation of the singlet excited state. Singlet 

fission between two anthracene molecules is believed to occur via an electron exchange 

mechanism between an anthracene molecule in its singlet excited state and a neighboring 

anthracene in the ground state, resulting in two triplet excited state molecules, as illustrated in 

Figure 1.1.3. Specific conditions must be met in order for the appropriate interchromophore 

interaction leading to singlet-fission to occur. Although some aspects of the SF mechanism have 

yet to be elucidated, several of the energetic requirements have been identified. First, the process 

of SF must outcompete other S1 deactivation pathways, including IC, ISC, fluorescence or other 

intermolecular interactions. Additionally, the S1 – S0 energy must be at least two times that of the 

S0 – T1 transition (for anthracene 1E(S1) = 3.13 eV and 2E(T1) = 3.66 eV).22 An appropriate 

strength of coupling is also important, and more efficient SF has been observed in crystals 

compared with covalently linked chromophores.23 Furthermore, crystal packing plays an essential 

role in SF and topology has a significant impact on the SF rate. Recent studies of SF in polyacenene 

thin films have shown that defect sites in more amorphous films led to increased rates of SF relative 

to the crystalline films.24 Currently, research efforts involving SF in polyacenes systems are 

focused on understanding the differences between the SF mechanisms in molecular crystals and 

single molecules, optimization of morphology and achieving appropriate chromophore coupling 

for sufficient charge separation.22 
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Figure 1.1.3. General mechanism of singlet fission in anthracene 

1.1.3. Triplet-Triplet Annihilation (TTA) 

The inverse process of SF, triplet-triplet annihilation (TTA), has also been observed in 

anthracene and several of its derivatives.25 TTA occurs when two neighboring chromophores in 

their triplet excited states, interacts to produce one singlet excited state. TTA can be sensitized 

using a donor molecule that undergoes triplet-triplet energy transfer (TTET) to the triplet excited 

state of an acceptor molecule. These processes are summarized in a Jablonski diagram in Figure 

1.1.4. This phenomenon was first observed by Parker and Hatchard in 1962 in a solution of 

phenanthrene and anthracene. Efficient TTA-based photon upconversion requires a sensitizer 

molecule that absorbs visible to near IR light and has a relatively long-lived triplet excited state. 

Metal-to-ligand charge transfer (MLCT) complexes or metallated porphyrins with strong spin-

orbit coupling are ideal candidates due to their efficient intersystem crossing and high triplet 

quantum yields. Additionally, the acceptor molecules should have a high ΦF and a triplet state 

lower in energy than that of the sensitizer, while the energy of the singlet state should be higher 

that of the sensitizer.26  Fluorescence upconversion has applications in photovoltaics as well as 

photocatalysis, lasers, optoelectronics, photodynamic therapy and bioimaging.27 Castellano et al 

first reported bimolecular TTA-based upconversion in solutions of [Ru(dmb)2(bpy-An)]2+ (dmb = 

4,4′-dimethyl-2,2′-bipyridine, bpy-An = 4-methyl-4′-(9-anthrylethyl)-2,2′-bipyridine).28 In this 

complex, the triplet MLCT excited state is higher in energy than the triplet excited state of 
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anthracene and can undergo TTET to anthracene. In this system, intramolecular quenching of the 

anthracene singlet excited state by the MLCT ground state was observed. Higher upconversion 

efficiency was observed in solutions of [Ru(dmb)3]2+ and anthracene, in which the donor and 

acceptor were non-covalently linked. When anthracene was replaced with the derivative, 9,10-

diphenyl anthracene (9,10-DPA) further improvement of upconversion efficiency was observed. 

This was attributed to the higher fluorescence quantum yield of 9,10-DPA (0.95) relative to 

anthracene (0.27).  

 

Figure 1.1.4. General energy diagram of fluorescence upconversion via triplet-triplet annihilation 
(TTA). (TTA). S0 is the ground state, S1 and T1 are the lowest energy, singlet and triplet excited 
states, respectively, hvA is absorption, hvE′ is phosphorescence from the sensitizer, hv′′ is 
fluorescence from the acceptor, ISC is intersystem crossing, TTET is triplet-triplet energy transfer, 
TTA is triplet-triplet annihilation. 

In fairly concentrated solutions (~ 0.01 M), anthracene is known to photodimerize upon 

irradiation with UV light (Figure 1.1.5).29 The [4+4] dimer forms clear crystals that thermally 

revert back to anthracene at room temperature or when exposed to > 300 nm light.29 The process 

of photodimerization occurs through the singlet excited state. This is illustrated by the quenching 

of photodimerization of anthracene in heavy atom solvents, where ISC to T1 is enhanced. Since 

dimerization decreases as T1 increases it must not be a triplet process. Earlier studies showed that 

anthracene photodimerization proceeds via TTA.30 Later, Castellano et al demonstrated anthracene 

photodimerization through TTA upconversion with 514.5 nm irradiation of solutions ~1.4x10-2 
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M anthracene and 5.25x10-5 M [Ru(dmb)3]2+ in acetonitrile.31 The reversible bonding properties 

of anthracene and the high reactivity of the 9 and 10 positions are the basis for many anthracene 

derivatives. Anthracene oxidation readily yields 9,10-anthraquinone and electrophilic substitution 

occurs at the 9 and 10 positions. Hence, mono- and di-substitutions in the 9 and 10 positions of 

anthracene are most common.  

 

Figure 1.1.5. Photoinduced dimerization of anthracene 

The [4+4] dimer is characterized by an absorption spectrum different from that of 

monomeric anthracene. Anthracene may also form an unstable, excited-state dimer, or excimer. 

In this case, the absorption spectrum of anthracene does not change, while the emission spectrum 

appears as a broad band, redshifted relative to the monomer.32 

1.1.4. Crystalline Anthracene 

The excited-state properties observed in crystalline anthracene are quite different from 

those in solution. Both the absorption and emission spectrum of crystalline anthracene are 

redshifted relative to the solution spectrum and the fluorescence quantum yield is close to unity. 

The redshift in the spectra of crystalline anthracene indicates that the energy of the S1 state is 

lowered. The discrepancy in ΦF is attributed to the difference in the excited-state energies levels. 

In solution, the energies of the S1 and T2 state are 26,700 cm-1 and 14,850 cm-1 above the ground 

state, respectively. In crystalline anthracene, the T state energies do not change but the S1 state is 

25,440 cm-1 above the ground state. In solution, the S1àT2 energy gap is small and kISC competes 

with kf, resulting in a lower ΦF. However, in crystalline anthracene, kISC for the S1àT1 transition 

2 
hν′ 
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is large and does not compete with kf, thus, S1àT2 is energetically unfavorable, and the ΦF is 

high.16 

1.2. Photophysics of Anthracene Derivatives 

 Numerous anthracene derivatives have been synthesized for a wide range of applications, 

which include organic light emitting diodes (OLEDs), photosensitizers and biological sensors.33 

Derivatization alters the excited-state properties of anthracene to varying degrees and is often used 

as a means to tune the optical properties for specific applications. Functionalization can shift the 

relative energies of the π-π* transitions, resulting in an increase in kf and kISC. For example, the 

addition of methyl groups at the 9 and 10 positions of the center ring delocalizes electron density, 

shifting the energies of the singlet and triplet excited-state transitions. The energy of the lowest-

lying singlet excited state (S1) decreases and the energy of the triplet state (T) increases above that 

of S1. Thus, ISC is no longer a competitive deactivation process and the fluorescence quantum 

yield is higher. When the methyl groups are replaced with phenyl groups, the energy of S1 

decreases even further while the T energy increases. As a result, the fluorescence quantum yield 

of 9,10-diphenylanthracene (9,10-DPA) is 0.95 and the quantum yield of the T state only ~ 0.04.34 

 Because of its high quantum yield of blue fluorescence, 9,10-DPA is often used as the TTA 

acceptor in upconversion systems. When coupled with [Ru(dmb)3]2+,  9,10-DPA green-to-blue 

conversion was observed with upconversion efficiency approximately 24 times greater than that 

of anthracene under the same conditions.31 The upconversion efficiency was further enhanced 

when the [Ru(dmb)3]2+ donor was replaced with Pd(II)Octaethylporphyrin (PdOEP). 9,10-DPA 

and PdOEP (68:1) were embedded in a copolymer matrix and the resulting film was irradiated 

with 544 nm light to selectively excite PdOEP, and 9,10-DPA emission was observed. The UC 

emission was recorded under ambient conditions and showed a quartic (x4) dependence on the 
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incident light intensity. Furthermore, time-resolved experiments showed that PdOEP emission 

decay occurred with the same rate as growth in 9,10-DPA emission is generated.35 This UC 

chromophore pair has also been employed in the assembly of soft material upconverting polymers 

using a polyurethane precursor. This polymerization method allows for precise control over the 

chromophore concentration and allowed the UC emission to be tuned to display blue, purple or 

red luminescence by varying the concentration of 9,10-DPA. These materials exhibited UC 

efficiencies >20%.35 

9,10-DPA has also been studied for its use in organic light emitting diodes (OLEDs). Its 

wide-bandgap, high florescence quantum yield and bright blue emission make it a good candidate 

for OLEDs, however, 9,10-DPA can easily crystallize in the solid state, resulting in a 

nonhomogeneous films and increased resistance of the film, which limit performance of the device. 

The structure of 9,10-DPA selectively modifying to inhibit crystallization, the performance can be 

significantly enhanced, while maintaining the advantages of an anthracene-based materials. Shu 

et al developed OLEDs containing the anthracene derivatives 2-tert-butyl-9,10-bis[4′-(9-p-

tolylfluoren-9-yl)biphenyl-4-yl]anthracene (BFAn) as the emitter and 2-tert-butyl-9,10-bis[4′-(1-

phenylbenzoimidazyl)biphenyl-4-yl] (BIAn) as the electron transporter.1b The tert-butyl group 

disrupts the symmetry and inhibits crystallization while addition of the 9,9-fluorenyl substituents 

yields a deeper blue emission and affords steric hindrance that improve the overall structural 

stability.36 

1.2.1. Aggregate Induced Emission (AIE) 

Tian and coworkers reported a series of four 9,10-distyrylanthracene (DSA) derivatives 

that exhibited aggregate-induced emission (AIE).37 These DSA derivatives exhibited weak, broad 

orange emission in solution, but in the crystalline state, display a bright green emission with a high 
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fluorescence quantum yield. The low quantum yields observed in solution are attributed to fast 

nonradiative decay pathways through intramolecular torsion between 9,10-anthylene and the 

vinylene moiety. In the crystalline state, each DSA derivative is tightly packed into a nonplanar 

conformation due to intermolecular CH–π hydrogen bonding. Thus, torsional motions are 

restricted by the intermolecular interactions in the crystal, resulting in considerably increased 

fluorescence.37 Similarly, 9,10-bis((E)-2-(pyrid-2-yl)vinyl)anthracene BP2VA also exhibits a 

weak orange emission (~ 583 nm) in dilute solution, while that of crystalline BP2VA is bright 

green (~ 528 nm). Additionally, piezoluminescence is observed in aggregates of BP2VA.38 

Grinding of the crystalline BP2VA powders results in a redshift of 33 nm in the emission spectrum. 

The emission at 528 nm can be gradually redshifted up to 561 nm with increasing external pressure. 

Furthermore, this process can be fully reversed by heating the powders to 160 ºC. To investigate 

the nature of this change in fluorescence, three crystal polymorphs of BP2VA were prepared with 

increasing π-π* interactions. As π-π* interactions in the crystal polymorphs increased, a redshift 

in the BP2VA emission spectrum was observed. Therefore, as external pressure increases, π-π* 

interactions are enhanced, resulting in the observed piezochromic effects. Thus, the redshift in the 

emission spectrum of BP2VA observed upon grinding the powders is attributed to increased 

exciton coupling and orbital overlap between chromophores in the crystal.38 Reversible 

piezoluminescence has also been shown in solvated crystals of 9,10-Di(pyridin-4-yl)anthracene 

derivatives where the interchromophore distances were tuned by variation of the solvent, resulting 

in redshifted emission. Additionally, desolvated crystals displayed vapoluminescent behavior 

upon exposure to solvent vapors.39 

 Because of the unique photophysical properties of anthracene and its derivatives have been 

used as a building block in many supramolecular systems. Specifically, anthracene derivative that 
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contain multiple carboxylic acid groups have been integrated into metal-organic frameworks 

(MOFs). The photophysics of anthracene derivatives can be fine-tuned through variation of the 

MOF structure in order to exploit the desired properties of anthracene within these materials. The 

following section will review the current research concerning anthracene-based MOFs and their 

photophysical properties. 

1.3. Anthracene-based Luminescent Metal-Organic Frameworks 

MOFs are crystalline materials composed of metal ions or metal clusters (nodes) connected 

by multi-dentate organic ligands (linkers) to form extended coordination networks. MOFs often 

have significant porosity and can also have relatively high chemical and thermal stability. 

Furthermore, their chemical and physical properties can be tuned by variation of the metal nodes 

or organic linkers. Often, the metal linkers contain conjugated aromatic ring systems that can 

produce luminescence. Luminescent MOFs (LMOFs) have been studied for their application in 

optoelectronics, dye-sensitized solar cells, photocatalysis, chemical sensing, bioimaging and drug 

delivery.40,41 A number of anthracene derivatives have been incorporated into metal-organic 

frameworks (Figure 1.3.1). Early on, the majority of these MOFs were studied primarily for gas 

adsorption.42,43,44 More recently, a number of anthracene-based MOFs have been synthesized and 

studied for their unique luminescent properties. Anthracene-based ligands contain multiple 

carboxylic acid groups, which coordinate to the metal ions to form M–O–C clusters, known as 

secondary building units (SBUs).45 The SBUs provide the rigid joints of the framework, thus 

allowing for control of the MOF topology. Anthracene-based linkers have most commonly been 

incorporated into Zn2+ and Cd2+–based MOFs, which can form square, tetrahedral or octahedral 

SBUs. Incorporation into MOFs with clusters of Zr4+ as the nodes affords greater stability, as the 

carboxylate groups bond more strongly since the Zr4+ ions are hard acids while the carboxylates 
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are soft bases. Additionally, Zr4+ can form highly connected M–O–C clusters, which also increase 

the stability of the framework. For example, the recently reported Zr-MOF NNU-28 comprises 

Zr6O4(OH)4(CO2)12 SBUs, which are coordinated to 12 anthracene-based ligands.46 Anthracenic 

MOFs with Fe3+ and Ba2+ metal nodes have also been reported.47,48 

 
Figure 1.3.1. Molecular structures of the anthracene linkers that have been incorporated into 
luminescent MOFs.  

1.3.1. Tuning the Topology and Functionality 

Incorporation into a metal-organic framework alters the photophysical properties of the 

anthracene derivative. The rigid MOF structure can stabilize the chromophore, resulting in longer 

excited-state lifetimes and higher quantum yields due to reduction in non-radiative decay 

pathways. Excited-state properties of the linker can be further tuned based on the coordination 

environment within the MOF. For example, in one study, the anthracene derivative, 5,5′-(2,3,6,7-

tetramethoxyanthracene-9,10-diyl)diisophthalic acid (H4LOMe) was incorporated into five different 

MOFs and resulted in different topologies.49 The LOMe linker adapts to coordinate to the different 
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metals with various coordination geometries. By varying the metal ions and synthesis conditions, 

[Mn4(LOMe)(OAc)2(μ3-OH)2(NMP)4(H2O)2]·2H2O, [Ni2(LOMe)0.5(H2LOMe)0.5(μ3-OH)(H2O)3]·6H2O, 

[Cd2(LOMe)(H2O)2(NMP)]·2DMF·NMP·H2O, [Co2(LOMe)(H2O)3]·2NMP·DMA· H2O, and 

[Zn2(LOMe)(H2O)2]·2NMP·2H2O·DOE were obtained. The manganese and nickel-based MOFs 

have planar tetranuclear secondary building units (SBUs) that form 2D sheets that form a 3D 

structure through π–π stacking. The cadmium metal ions form a 3D network and have a dinuclear 

SBU with the anthracene linker bridging two Cd metal ions. Both the cobalt and zinc MOFs 

crystallize into 3D networks and have analogous structures with three different types of 

coordination at the metal nodes. The solid-state luminescence of the Mn Cd and Zn-based based 

MOFs were measured and compared with that of the free ligand. “H4LOMe displays emission with 

a maximum at 467 nm (λex = 270 nm), ascribed to the π*–π transitions of the parent anthracene 

ring system. All three MOFs display linker-based luminescence that is blueshifted relative to the 

free linker, with maxima at 444 nm (λex = 270 nm), 442 nm (λex = 290 nm) and 443 nm (λex = 300 

nm), for the Mn, Cd and Zn-based MOFs, respectively. The blueshift in the emission spectrum is 

attributed to stabilization of the excited state of the chromophore upon coordination in the MOF, 

which lowers the energy of the electronic transition.49 

 In some cases, the linker can be varied while still maintaining the crystal structure of the 

MOF. UiO-66 is a well-known isoreticular MOF (IRMOF) with a Zr6O4(OH)4 SBU and 1,4-

benzenedicarboxylate (BDC)  linkers that form an octahedral cage geometry.50–51 When BDC is 

replaced with 9,10-anthracenedicarboxylic acid (9,10-ADCA), the resulting framework is 

isostructural with UiO-66 but displays a redshift in the absorption spectrum from ~ 350 nm – 440, 

nm to ~ 350 nm – 540 nm. With a band gap of 2.47 eV, the UiO-type anthracene-based MOF is a 

strong oxidant and proved to be a decent photocatalyst for the degradation of methyl orange.52 
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1.3.2. Host-Guest Interactions 

Variation of the organic linker is also an effective way to vary the pore-size and to control 

intermolecular interactions between linkers by tuning the interchromophore distances.53,41 Larger 

pores can allow for adsorption of small molecules or “guest species” that may interact with the 

anthracene units and alter the florescence of the MOF.40 Anthracene can interact with other 

aromatic molecules to form charge transfer (CT) complexes that exhibit different emission spectra. 

Tanka et al prepared nanoscale luminescent MOFs containing ADCA ligands that demonstrate 

host-guest charge transfer interactions between ADCA and adsorbed species, N,N-methylanaline 

(MA), N,N-dimethylanaline (DMA) and N,N-dimethyl-p-toludine (DMPT).54 The as-synthesized 

MOF has the chemical structure {[Zn2(adca)2(dabco)](DMF)3.6(MeOH)1.8(H2O)1.8}n, in which the 

ADCA ligands form 2D {[ZnII(adca)]}n linear sheets that are connected by the dabco ligands in a 

manner analogous to pillars (Figure1.3.2 a). After solvent is removed from the pores, the cross 

section of the channels of the framework are 5.6 Å × 5.8 Å with an intermolecular distance of 3.75 

Å between the 2D sheets. Adsorption of the guest molecules, MA, DMA or DMPT, resulted in a 

redshift in the emission spectrum of the MOF by approximately 80 nm, 110 nm and 120 nm, 

respectively, which appeared as a broad, structureless band (Figure1.3.2 b, d). These spectral 

changes are characteristic of exiplex formation between anthracene and DMA, which follows CT 

interactions between excited state anthracene and the acceptor molecule. The authors reported a 

ΦF of < 0.01 for the desolvated MOF, which is extremely low in comparison to that of the free 

ligand (vide infra).   
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Figure1.3.2. (a) Scheme of host guest interactions in 
{[Zn2(adca)2(dabco)](DMF)3.6(MeOH)1.8(H2O)1.8}n (1) (b) Images of 1 with MA, DMA and 
DMPT samples under UV irradiation. (c) Diffuse reflectance spectra and (d) excitation (dotted 
line) and emission (solid line) spectra of 1 with MA (blue) and 1 with DMA (green). Images copied 
from reference 54. 

Due to their porosity and high surface area, such materials have gained particular interest 

for their applications in chemical sensing, as they offer the potential for high uptake of analyte and 

enhanced sensitivity. Zang et al reported the self-assembled nanoscale LMOFs, containing 9,10-

bis(4-carboxyphenyl)anthracene (BCPA) that demonstrated sensitive fluorescence detection of 

nitromethane and nitroaromatic explosive compounds. The fluorescence of the MOF is 

significantly quenched upon exposure to (dinitrotoluene) DNT or (trinitrotoluene) TNT vapors as 

a result of photoinduced electron transfer. When nitromethane was reduced to 1% saturated vapor 

with a concentration of 360 ppm, the fluorescence of the Zr-BPCA MOF was quenched by 21%. 

At 36,000 ppm and the fluorescence of the MOF is almost entirely quenched. On the other hand, 

fluorescence of the free BPCA linker is only quenched by 6% at 360 ppm and only 40% at 36,000 

ppm. The enhanced quenching efficiency of BPCA was ascribed to the high surface area within 

a 

b 

c 
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the MOF and possibly, enhanced reducing ability of the nitro-compounds in the presence of Zn2+ 

ions.55 

A MOF containing (2E,2′E)-3,3′-(anthracene-9,10-diyl)diacrylic acid connected to Cd2+ 

metal clusters was also explored for fluorescence detection of nitroaromatic compounds.56 The 

MOF fluorescence was quenched in the presence of electron-deficient nitroaromatic molecules. In 

the presence of electron-rich aromatics the MOF exhibits a dual-response dependent upon the 

excitation wavelength; at 368 nm excitation, fluorescence quenching was observed, however, 

when excited at 200 nm, the fluorescence intensity increased by 20%. The nature of this dual-

response was further investigated using density functional theory (DFT) calculations of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). These 

calculations revealed that the LUMO of the MOF is higher in energy than that of the electron-

deficient nitroaromatics and lower than that of the electron-rich compounds. The different 

fluorescence responses were attributed to different charge transfer pathways. This anthracene-

based MOF also exhibited chemiluminescence at 530 nm in the presence of peroxide.  

Fluorescence detection of 4-nitrophenol (4-NP) as well as Al3+ and Fe3+ ions by a barium-

MOF, {Ba5(ADDA)5(EtOH)2(H2O)3·5DMF}n (UPC-17; where DMF = N,N-dimethylformamide 

and ADDA = 3,3′-(anthracene-9,10-diyl)diacrylic acid), has also been demonstrated.48 Upon 

incorporation into the framework, the ADDA emission spectrum was blueshifted 14 nm, from 560 

nm to 546 nm. UPC-17 exhibited a solvent-dependent emission spectrum, which shifted from 495 

nm in methanol to 535 nm in acetone and 552 nm in THF. When aliquots of a 4-NP solution were 

added to suspensions of 2 grams of UPC-17 in 3 mL of solvent, a steady decrease in the emission 

intensity was observed. Additionally, UPC-17 showed selective detection of 4-NP over other 

benzene derivatives. The addition of 233 μM 4-NP to UPC-17 suspended in acetone resulted in ~ 
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80% quenching of the initial fluorescence intensity, 75% in THF and 60% in MeOH at the same 

4-NP concentration. Fluorescence quenching was attributed to photoinduced electron-transfer 

from the ADDA ligand of UPC-17 to the analyte. UPC-17 also showed selective emission 

sensitivity to Fe3+ and Al3+ ions. In MeOH, the bright yellow-green fluorescence intensity 

decreased gradually with the addition of Fe3+. At 70 μL (233 μM), ~ 90% of the initial fluorescence 

intensity was quenched, However, in acetone, when 233 μM Fe3+ was added, the initial intensity 

of UPC-17 only decreased by 23%. Interestingly, in THF, the fluorescence intensity of UPC-17 

increased with Fe3+ ion concentration and was ~ 4.5 times greater than the initial intensity and at 

233 μM Fe3+. Furthermore, the UPC-17 fluorescence shifted from bright yellow (~ 490 nm) to 

yellow-green (~ 510 nm) with the addition of Fe3+ ions. Similarly, the addition of an Al3+ solution 

resulted in enhanced fluorescence intensity up to ~8 times the initial intensity at 233 μM Al3+. 

However, in contrast to Fe3+, the addition of Al3+ to a UPC-17/MeOH suspension did not 

significantly alter the fluorescence. Fluorescence quenching by the metal ions was ascribed to 

interference of the metal ions with intraligand or ligand-to-ligand energy transfer processes with 

in the MOF. 

1.3.3. Core-Shell MOFs 

Core-shell MOFs (CS-MOFs) have been developed as a means of improving selectivity of 

MOFs designed for fluorescent sensing. Kitagawa et al prepared a CS-MOF with a 

[Zn2(bdc)2(dabco)]n (bdc = 1,4-benzene dicarboxylate , dabco = 1,4-diazabicyclo[2.2.2]octane) 

core and {Zn2(adca)2(dabco)}n shell.57 Microscopic laser Raman spectroscopy (MLRS) was used 

to characterize the CS-MOF crystals, which were mechanically sliced at the middle of the crystal. 

A shell thickness of several tenths of a micrometer was determined by MLRS mapping and growth 

of the core and shell frameworks into one crystal confirmed by synchrotron X-ray diffraction 
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measurements. 1H NMR spectrum obtained after digestion of the CS-MOF crystals in HCl 

revealed a core-to-shell ratio of 8:2. The adsorption of petroleum molecules was explored using 

MLRS core, shell and CS-MOF crystals were soaked in either cetane or isocetane then filtered and 

dried. The Raman spectra of the crystals were then recorded at the core of the crystal and at the 

edge of the crystal (Figure 1.3.3). Raman spectra of the core MOF displayed characteristic signals 

of both cetane and isocetane, while only cetane was observed in the shell MOF. Raman spectra of 

the CS-MOF displayed only a cetane signal at the core of the CS-MOF, while no isocetane signal 

was observed in either the core or shell. The CS-MOF crystals were also soaked in a 1:1 mixture 

of cetane/isocetane then digested in HCl and the adsorption ratio was determined by gas 

chromatography mass spectroscopy (GCMS). The core crystals showed little discrimination 

between the isomers, while only cetane molecules accumulated in the shell crystals. Thus, the shell 

crystal can adsorb the cetane molecules but the bulkier isocetane molecules do not fit through the 

smaller pores, allowing for size-selective adsorption of guest molecules.   

 
Figure 1.3.3: Raman spectra of single crystals of the core MOF after soaking in cetane (a) and 
isocetane (b), single crystals of the shell MOF after soaking in cetane (c) and (d) isocetane and the 

=	core	crystal	
															
=	shell	crystal													
	
=	CS-MOF	crystal	
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core portion of the CS-MOF after soaking in cetane (e) and isocetane (f) and from the shell portion 
of the CS-MOF in cetane (g) and isocetane (h), the red and orange points in the CS-MOF crystal 
indicate the points where the Raman laser was focused. Figure modified from reference 57. 

Kitagawa et al also reported CS-MOFs with the luminescent framework, 

[Zn2(adca)2(dabco)]n (1) as the core and [Zn2(bdc)2(dabco)]n (2) as the shell.58 An amino group 

was introduced into the core of the CS-MOF (1–2) through post-synthetic modification (PSM) and 

replaced by a carboxyl group to increase the affinity for DMA over benzene, resulting in a CS-

MOF with [Zn2(NH2-bdc)2(dabco)]n as the core (1–p2, Figure 1.3.4 a). MOF 1 has shown 

fluorescence sensitivity to small aromatic molecules due to exciplex formation between the 

anthracene unit, which acts as an electron acceptor and DMA, the electron donor. Confocal light 

scanning microscopy (CLSM) was used to examine the fluorescence properties of 1, 1–2 and 1–

p2. To test the selectivity of the CS-MOFs, fluorescence spectra were recorded in N,N-

dimethylaniline (DMA), benzene and a 1:1 mixture of the two (Figure 1.3.4 b). The anthracene-

based fluorescence of 1 and 1–2 at 420 nm was significantly quenched in DMA and a new broad 

emission band appeared in the 400 – 700 nm range. The broad emission is attributed to a 

photoinduced CT complex formation of an exciplex between the host anthracene unit and guest 

DMA molecules. The emission spectrum of 1 and 1–2 in the 1:1 mixture showed both the broad 

exciplex emission (400 – 700 nm) and monomeric anthracene emission at 420 nm. In contrast, the 

fluorescence spectrum of the 1–p2 in the solvent mixture showed predominantly exciplex 

fluorescence. Additionally, the maximum intensity of the exciplex emission of the core crystal is 

~1.9 times stronger than that of 1 and 1–2. Thus, the PSM CS-MOF improves detection of guest 

molecules shell through selective uptake of guest species, resulting in enhanced fluorescence-

response from the core MOF. 
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Figure 1.3.4: (a) Schematic illustration of core-shell MOF assembly and functionalization (b) 
CLSM fluorescence spectra of 1 in benzene (blue), 1 in DMA (green), 1 in 1:1 benzene/DMA 
mixture (black), 1–2 in the mixture (brown) and 1–p2 in the mixture (red), lex = 405 nm. Images 
from reference 58. 

1.3.4. Photocatalysis 

LMOFs offer excellent platforms for photocatalysis because of their chemical and thermal 

stability, high surface area and porosity as well as their ability for uptake and storage of small 

molecules. There have been several reports of catalytic CO2 reduction using MOFs with Zr metal 

clusters as the catalytic site.59,60 Recently, a Zr-based MOF containing 9,10-bis(4-

carboxyphenyl)anthracene (9,10-BCPA) demonstrated high uptake of CO2 (33.42 cm3 g–1 at 298 

K and 1 atm).46 The NNU-28 MOF also displayed broad UV-vis absorption in the ~ 300 – 600 nm 

range (Figure 1.3.5 a). Broadening of the absorption band compared to that of the free linker was 

attributed to coordination of the photoactive ligand to the Zr SBU. Photoinduced charge generation 

of NNU-28 was then investigated using surface photovoltage (SPV) spectroscopy to measure 

change in surface voltage following UV-vis absorption. The SPV spectrum of NNU-28 correlated 

with that of the ligand (Figure 1.3.5 b), indicating that photoinduced charge generation in the MOF 

arises from visible light absorption by the ligand.  The photocatalytic ability of NNU-28 was tested 

in the reduction of CO2 to formate in the presence of TEOA as an electron and hydrogen donor to 

b a 



 

 23 

recycle the catalyst. Ion chromatography showed an increase in of HCOO– formate anion 

concentration over time under continuous visible-light illumination. The average formation rate of 

HCOO– was estimated to be 183.3 mmol h–1 mmolMOF
–1. Control experiments performed in the 

dark or in the absence of NNU-28 showed no formate production. PXRD patterns of the NNU-28 

MOFs indicated that crystal structure of the MOF was retained. Furthermore, NNU-28 could be 

reused up to three cycles with little decrease in photocatalytic activity. Control experiments using 

an equimolar amount of the free anthracene-based ligand in place of NNU-28 resulted in 

generation of 7.2 mmol formate anions within 10 hours under the same conditions. Thus, the 

anthracene-based ligand accounts for ~ 27% of CO2 conversion in NNU-28. Additional control 

experiments, in which the reaction solution was pre-degassed by N2 instead of CO2, verified that 

the formate anion was a produced by CO2 reduction only and not by ligand decomposition. To 

further investigate the mechanism of NNU-28 photocatalysis, electron paramagnetic resonance 

(EPR) studies were performed in the dark and light for both the free ligand and NNU-28 (Figure 

1.3.5 c,d). An enhanced signal at g = 2.003 was observed in the light compared to the dark, 

indicating light-induced radical formation, which is responsible for CO2 reduction by the free 

ligand. NNU-28 showed no EPR signal in the dark, while in the light, the signal at g = 2.003 was 

observed. Time-resolved experiments showed the signal intensities increased under continuous 

irradiation and reached the maximum at about 4 min and two additional signals appeared that were 

not observed in the ligand at g = 2.009 and 2.030. These two EPR signals were previously observed 

in the zirconium-based MOF, UiO-66 and were ascribed to sensitization of the Zr6-oxo cluster 

through the LMCT process. All together, these experiments demonstrate that both the anthracene-

based ligand and Zr6-oxo cluster contribute to photocatalytic CO2 reduction by NNU-28. 
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Figure 1.3.5. (a) UV-vis absorption spectrum of NNU-28 (b) SPV spectrum of NNU-28 (black) 
and the ligand (blue) (c) EPR signals of the ligand in the dark (black) and light (red) and NNU-28 
in the dark (green) and light (blue) (d) time-evolution EPR signal of NNU-28 under continuous 
visible light illumination. Figures from reference 46. 

LMOFs have also been employed in photoinduced polymerizations. Recently, the Zn-

based MOF, NNU-35 with a pillar-layer structure comprising [9,10-bis(4′-pyridylethynyl)-

anthracene] (BPEA) “layers” and BDC “pillars”, was used as the photosensitizer in the copper 

catalyzed atom transfer radical polymerization (ATRP) of methacrylates. Photoinduced ATPR 

involves electron transfer from a photosensitizer to a Cu(II) catalyst, generating the Cu(I) catalyst, 

which activates alkyl halides by halogen transfer to form radicals. These radicals drive the 

polymerization until deactivated by the Cu (II) catalyst. NNU-35 has extremely broad UV-vis 

absorption spanning the 330 – 800 nm. The broadened absorption of NNU-35 was attributed to 

energy-transfer and charge-transfer interactions in the MOF. EPR studies reveal long-lived 

photoinduced charge separation in NNU-35, attributed to the free radical formation from the BPEA 

ligand. The ability of NNU-35 to mediate ATRP reactions was demonstrated in the polymerization 

a 

c 

b 
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of methacrylate monomers. NNU-35 photoinduced reaction polymerized 48% monomer after 8 h 

irradiation with a molecular weight distribution (Mw/Mn) of 1.12. Control experiments showed no 

polymerization occurred in the absence of NNU-35. The ability of NNU-35 to control 

photopolymerization by light switching was also shown. The proposed mechanism of NNU-35 

mediated ATRP is shown in Figure 1.3.6, where the Cu(II) complex is reduced by NNU-35 by a 

1 electron transfer, the resulting Cu(I) complex reacts alkyl halide (R–X) to form radicals (R•), 

which initiate the ATRP. The ligand radical of NNU-35 gains an electron from the reductive 

amine, returning to its original state, and the reaction intermediate (amine+X−) returns the chain-

end halogen. 

 

Figure 1.3.6: Proposed mechanism for NNU-35 photoinitiated ATRP. 

1.3.5. Conductivity and Electroluminescence 

The ability to tune the structure of MOF allows for control of interaction between 

anthracene units. A microporous Zn-MOF, NNU-27, was constructed from the anthracene-based, 

BPEA ligands, which formed zigzag chains with face-to-face distances of 3.420 Å through π-

stacking between ligands. As a result of the distinct spatial arrangement of anthracene units in the 

MOF, NNU-27 exhibited both conductivity as well as electroluminescence. Current-voltage (I-V) 

measurements NNU-27 single crystals and the resulting I–V curves showed linear dependence at 

ambient temperature, revealing charge transport in the NNU-27 crystals. The conductivity of the 
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MOF was determined by measuring the effective contact area and was found to be 1.3 (±0.5) × 

10–3 Scm–1. NNU-27 also displayed orange-red electroluminescence emission, centered at 575 nm, 

under an applied voltage of ~ 27 V. The electroluminescence of NNU-27 arises from to the 

formation of electromers induced by the electric field.61 

1.3.6. Scintillating MOFs 

Scintillating materials display luminescence upon absorption of charged particles or high-

energy radiation. Anthracene can be excited into higher singlet states upon absorption of ionizing 

radiation and subsequently undergo fast internal conversion to the lowest singlet excited state, 

from which fluorescence occurs. Crystalline anthracene displays the highest scintillation of (light 

output per unit energy) of any organic scintillator and is often used as a standard. However, the 

usefulness of anthracene crystals is limited by a number of drawbacks as they are fragile, quickly 

photo-oxidized in air and scintillation efficiency strongly depends on the temperature, degree of 

perfection and crystal thickness while large crystals are not easily obtained.62 

Alledorf et al have explored a series of scintillating MOFs and have found that the stability 

of the scintillators to radiation damage is improved when incorporated into a MOF structure.63 

5,5′-(anthracene-9,10-diyl)diisophthalic acid (DPATC) was incorporated into the Zn-based MOF, 

PCN-14-Zn and to study the effects of linker conjugation.64 The MOF exhibited a similar emission 

spectrum to that of the free DPATC linker, however, the absorption spectrum was significantly 

blueshifted, indicating that there is a higher energy barrier for excitation in the MOF. DFT 

calculations revealed that rotation of the phenyl groups of DPATC occurs upon excitation from 

dihedral angles of 67.9º in the ground state to 56.8º and 54.9º in the singlet and triplet excited 

states, respectively. Furthermore, the torsional rotation of the phenyl groups relative to the 

anthracene moiety was reduced due to the rigidity of the multidentate ligand upon coordination 
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within the MOF, where a dihedral angle of 70º was observed in the crystal structure of the MOF. 

This also resulted in a shorter fluorescence lifetime in the MOF (τ1 ~ 1ns, τ2 ~ 5ns) compared to 

solution (τ1 ~ 7 ns, τ2 ~ 8ns, τ3 ~ 9 ns) due to increased efficiency of non-radiative deactivation 

pathways. PCN-14-Zn exhibited a prompted scintillation of 3 ns, between the τ1 and τ2 of 

fluorescence and with lower efficiency relative to other scintillation MOFs studied.64 

In another study, Lin et al reported two X-ray scintillating MOFs with 9,10-bis(4-

carboxyphenyl)anthracene (BCPA) as the linker and Hf or Zr as the metal node and X-ray 

absorber.65 Typically, organic scintillators do not interaction with X-rays to produce luminescence 

thus; Hf4+ and Zr4+ were introduced as X-ray antenna. Hf4+ and Zr4+ metal ions eject outer-shell 

electrons upon the absorption of X-rays from 20 − 200 keV. These electrons can then interact with 

the anthracene-based linkers to generate luminescence. Accordingly, when the Hf-MOF and Zr-

MOF were subjected to X-ray excitation, bright radioluminescence was observed. 

1.3.7. Multiphoton Harvesting and Upconversion 

LMOFs are promising candidates for light-harvesting materials owing to properties such 

as structural diversity, tunability of absorption and emission wavelengths, high surface area and 

energy transport abilities.66,67 Multiple phonon harvesting was recently realized in an anthracene-

based MOF.68 Multiphoton harvesting is a process of photon upconversion in which two or more 

photons are absorbed simultaneously, promoting a molecule into an excited state. The subsequent 

relaxation of the excited-state results in the emission of a photon with frequency greater than that 

of the absorbed photons. The multiphoton harvesting MOF was constructed from the anthracene 

derivatives, trans,trans-9,10-bis(4-pyridylethenyl)anthracene (An2Py), and trans,trans-4,4′-

stilbenedicarboxylic acid (H2SDC) connecting zinc-oxide metal nodes. The resulting MOFs 

consisted of 4-fold interpenetrating networks, where the H2SDC ligands form linear sheets, joined 
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together by the An2Py pillar ligands. Both anthracene and peryline were introduced into the 

frameworks as Förster resonance energy transfer (FRET) acceptors to enhance the luminescence 

of the MOFs. The fluorescence quantum yield of An2Py increased when integrated into the MOF 

due to the structural rigidity and the emission spectrum resembled that of the anthracene derivative. 

The doped MOFs exhibited higher quantum yields than the undoped MOF. π–π stacking 

interactions between the guest anthracene or perylene molecules with the An2Py along with FRET 

from the guest species to the organic-linkers resulted in quenching of guest fluorescence 

concurrent with increased emission from the MOF. The MOFs have an absorption maximum at 

400 nm, and displayed UC luminescence due to 2, 3 and 4 photon absorption upon excitation at 

800 nm, 1200 nm and 1500 nm, respectively. Additionally, the UC luminescence showed a 

dependence upon excitation intensity. The development of materials for multiphoton upconversion 

is of interest in a variety of fields including biological imaging, photodynamic therapy, optical data 

storage and lasing.68 

1.3.8. Triplet-Triplet Annihilation-Based Upconversion 

Fluorescence upconversion through triplet-triplet annihilation (TTA) was also recently 

demonstrated in anthracene-based MOFs. TTA-based upconversion offers particular advantages 

in the field of solar energy harvesting where, in contrast to multi-photon absorption processes, 

TTA can be achieved using low-power, non-coherent excitation sources.25 Three zinc-based MOFs 

containing the anthracene derivative, adb were explored, [Zn2(adb)2(dabco)]n (1) MOF and 

[Zn2(adb)2(bpy)]n (2) MOFs (where adb = 4,4′-(anthracene-9,10-diyl)dibenzoate and bpy = 5,5′-

bipyridine) and [Zn(adb)(DEF)2]n (3). The intermolecular distances between anthracene units 

(center-to-center) were 7.6 Å, 4.8 Å and 3.2 Å, for 1, 2 and 3, respectively. All three MOFs 

displayed upconverted emission when suspended in deaerated solutions of the TTA sensitizer, 
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PdOEP, in benzene. Irradiation of the system with 532 nm light resulted in upconverted emission 

~ 440 nm with TTET efficiencies of 12%, 8% and 59% for 1, 2 and 3, respectively. The emission 

showed a quartic dependence upon excitation intensity at lower intensities, indicative of TTA. 

PdOEP was modified with carboxyl groups and covalently attached to the surface of the nano-

sized [Zn(adb)(DEF)2]n MOFs. Under anaerobic conditions, these MOFs displayed upconverted 

blue fluorescence when excited with 532 nm light. To avoid overheating of the MOFs and 

photobleaching of PdOEP, the MOFs were encapsulated in PMMA. The TTET efficiency of the 

MOFs in these encapsulated PdOEP-modified MOFs was 61%. Additionally, the triplet lifetime 

of the MOF increased from 1 ms in benzene to 4 ms in PMMA, which was ascribed to further 

chromophore stabilization in the polymer matrix.69 

 

Figure 1.3.7: Schematic representation of excitation of TTET-donor molecules followed by TTET 
to the MOF and subsequent series of TTET, triplet exciton diffusion in the acceptor arrays and 
TTA between excited acceptor molecules, resulting in UC emission.69 



 

 30 

1.4. Conclusions 

The unique photophysical properties of anthracene have led to its widespread application 

in many fields. The excited-state properties of anthracene, such as the wavelength of emission, 

fluorescence lifetime and quantum yield, can be fine-tunes affording its broad versatility. Due to 

their distinct crystallinity, MOFs can afford an ideal material for studying specific interactions 

between anthracene ligands and/or interactions with guest species. A number of anthracene 

derivatives have been incorporated into MOFs for a variety of applications. The photophysical 

properties of the anthracene-based MOFs are generally related to that of the free anthracene-based 

ligand, however interactions can also be further modified when introduced into the crystalline 

framework through such as aggregate-induced emission, metal-to-ligand charge transfer, 

interactions with guest molecules that result in quenching or enhancement of fluorescence as well 

as interchromophore interactions such as π–π stacking. 

1.5. Project Description 

Anthracene-based MOFs have proved to be highly promising candidates in the 

development of photoactive materials with many avenues yet to be explored. In order to rationally 

design luminescent MOFs tailored for specific applications, a thorough understanding of the 

photophysical processes of the individual building blocks is essential. The goal of this project is 

to gain an understanding of the excited-state properties of the free organic linkers, including the 

effects of both derivatization and local environment and to then investigate how these properties 

are further altered upon incorporation into MOFs. To this end, three anthracene dicarboxylic acids 

(ADCAs) – 1,4-ADCA, 2,6-ADCA and 9,10-ADCA – were synthesized and their photophysical 

properties in solution were systematically studied. The organic linkers were then incorporated into 

zirconium-based MOFs and the excited state properties of the resulting MOFs were investigated. 
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2. Systematic Investigation of the Excited-State Properties of Anthracene-Dicarboxylic 

Acids 

2.1. Introduction 

Organic photoactive molecules are of interest due to the tunability and environmental 

susceptibility of their excited-state properties, which affords a range of optoelectronic 

applications including organic light-emitting diodes (OLEDs), photovoltaic cells, organic field 

effect transistors, and fluorescent sensing elements.1,2,3,4 Anthracene is a polyaromatic 

hydrocarbon whose excited-state properties have been extensively studied.5 Due to its unique 

ground and excited-state properties, anthracene and its derivatives are often incorporated into 

devices such as OLEDs and organic semiconductor materials for numerous applications.6-9 

However, in order to rationally tailor anthracene derivatives for a given application, an 

understanding of the effects of microenvironment and functionalization on the photophysical 

properties is essential.   

The excited-state behavior of a carboxylic acid functionalized anthracene, 9-

anthracenecarboxylic acid (9-ACA) has been the topic of a number of reports.21-27 Changes in 

the emission spectra of 9-ACA have been argued to arise from acid-base equilibrium, solvent 

and concentration dependent dimerization and formation of higher order aggregates,22,24 as well 

as structural reorganization26 of the carboxylic acid relative to the anthracene ring in the excited 

state. In order to contribute to this discussion, we prepared a series of anthracene derivatives 

functionalized symmetrically with carboxylic acids; namely 2,6-anthracenedicarboxylic acid 

(2,6-ADCA), 1,4-anthracenedicarboxylic acid (1,4-ADCA), and 9,10-anthracenedicarboxylic 

acid (9,10-ADCA). We characterize the effect of functionalization on the energetics of the 
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ground and excited states of anthracene using steady-state absorption and emission 

spectroscopies, emission lifetime measurements, density functional theory (DFT) and time-

dependent DFT (TDDFT) calculations. The results are interpreted in light of 

structural/conformational differences between the ground and excited states of each anthracene 

derivative.  

2.2. Results 

The steady-state absorption and emission spectra of 2,6-ADCA (a,b), 1,4-ADCA (c,d) 

and 9,10-ADCA (e,f)  measured in THF are shown in Figure 2.2.2.  2,6-ADCA displays 

vibronically structured absorption and emission bands. Although the structure of the emission 

spectrum closely resembles that of anthracene, the absorption spectrum differs from anthracene 

in both the number of lower-energy (~320 nm – 420 nm for 2,6-ADCA and 285 nm – 385 nm 

for anthracene) absorption bands and their intensities. The absorption spectrum of 1,4-ADCA 

appears broad with subtle structural features at 360 nm and 370 nm and the emission spectrum 

is broad and structureless. 9,10-ADCA exhibits vibronically structured absorption band, similar 

in shape to anthracene, while the emission spectrum is broad and diffuse. Both the absorption 

and emission spectra of each derivative are bathochromically shifted relative to anthracene. 

Additionally, the 1A→1Bb absorption peak of 1,4-ADCA at 240 nm is significantly broadened 

and relative to anthracene and is split into two peaks. 2,6-ADCA exhibits a Stokes shift (584 

cm-1 in THF) that is slightly larger than that of anthracene (277 cm-1 in THF). 1,4-ADCA and 

9,10-ADCA display large Stokes shifts (4,803 cm-1 and 3,796 cm-1 in THF) compared to 

anthracene. The observed lifetimes of each isomer in THF are considerably longer than the 4.9 

± 0.1 ns fluorescence lifetime of anthracene in the same solvent (Table 2.2). 
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Figure 2.2.1. Absorption and emission spectra of 2,6-ADCA (a,b) 1,4-ADCA (c,d) and 9,10-
ADCA (e,f). 

In order to probe the effects of solvent polarity on the photophysical properties of the 

anthracene derivatives, the absorption and emission spectra as well as the lifetimes and quantum 
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yields were measured in a series of polar aprotic solvents. Neither the absorption nor emission 

spectra of 9,10-ADCA are affected by solvent polarity. The absorption spectrum of 9,10-ADCA 

displays anthracene-like vibrational structure in all neat solvents tested. The emission spectrum 

is broad and diffuse with a 𝜆+,-.+ 	around 455 nm in neat solvents, with the exception of 1,2-DCE, 

in which 𝜆+,-.+  is bathochromically shifted by 14 nm (Figure S2.1, Table S2.1). The observed 

Stokes shift is 3,796 cm-1 ± 114 in THF, ethyl acetate, butanone, acetone and DMA, but larger 

in 1,2-DCE (4,521 cm-1, Table S2.1). Similarly, solvent polarity has no significant effect on the 

absorption or emission spectra 2,6-ADCA, as the maxima do not shift significantly between THF 

(ε = 7, 𝜆+,-,/0  = 409 nm,  𝜆+,-.+
 = 419 nm), and DMA (ε = 38, 𝜆+,-,/0

 = 408 nm, 𝜆+,-.+  = 421 nm, 

Figure S2.2, Table S2.1). In contrast to the other two isomers, the absorption band of 1,4-ADCA 

is hypsochromically shifted by 10 nm, from 396 nm in THF (ε = 7) to 386 nm for DMA (ε = 38, 

Figure S2.3, Table S2.1), and the emission maximum is bathochromically shifted by 8 nm from 

489 nm in THF to 497 nm in DMA. The absorption and emission spectra of 1,4-ADCA remain 

broad and diffuse in all of the neat solvents explored. 

The fluorescence quantum yields (Φfl) and fluorescence lifetimes (τfl) along with the 

experimental radiative (kr,exp) and non-radiative (knr) rate constants and calculated (kr,calc) rate 

constant obtained from the Strickler-Berg equation for the three ADCA derivatives in the various 

solvents are listed in Table 2.2 and Table S2.2. No trends are observed between solvent polarity 

and fluorescence quantum yields over the solvent series (Table S2.2). In general, the fluorescence 

lifetimes are largely independent of solvent polarity but are considerably shorter in basic 

conditions.17-20  
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Figure 2.2.2. Absorption and emission spectra of 2,6-ADCA (a), 1,4-ADCA (b) and 9,10-ADCA 
(c) acidic DMF (black) and basic DMF (red). 

To further explore how the protonation state of the carboxylic acid substituents affects 

the excited-state properties of the anthracene derivatives, photophysical measurements were 

carried out in acidic DMF and basic DMF (Figure 2.2.2, Table 2.2). All three isomers exhibit 

anthracene-like vibronic structure in the absorption spectra recorded in basic DMF. The emission 

spectrum of 2,6-ADCA displays more defined vibronic structure in basic solution compared to 

acidic. The emission spectrum of 1,4-ADCA remains broad and structureless in both basic and 

acidic environments. On the other hand, 9,10-ADCA exhibits a broad, diffuse emission spectrum 

in acidic DMF, but in basic DMF anthracenic vibronic structure is observed. The absorption 
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spectra of 1,4-ADCA and 9,10-ADCA are hypsochromically shifted in basic DMF relative to 

acidic, while that of 2,6-ADCA is bathochromically shifted in basic solution. Additionally, the 

emission spectrum of each of the derivatives is hypsochromically shifted under basic conditions 

compared to acidic. The Stokes shifts decrease considerably with solvent pH, going from 948 

cm-1 to 510 cm-1 for 2,6-ADCA, 6,484 cm-1 to 1,997 cm-1 for 1,4-ADCA, and from 3,667 cm-1 

to 610 cm-1 for 9,10-ADCA (Table 2.1). The quantum yields of 2,6-ADCA and 1,4-ADCA 

decrease more than an order of magnitude under basic conditions compared to acidic solution, 

while that of 9,10-ADCA decreases only by about half (Table 2.2). 

Table 2.1. Summary of absorption and emission data for the ADCAs  

       
aε is the dielectric constant, 𝜆123,/0

 is the lowest energy maximum in the absorbance spectrum, and 𝜆123.+
 

is the highest energy maximum in the fluorescence spectrum. 
  

To quantify the degree of protonation in both the ground and excited states as a function of pH, 

the ground-state acid association constants (K) of the ADCAs were determined by absorption 

spectroscopy (equation S2.1) and pK values of 17.6, 17.9 and 19.4, for 2,6-ADCA, 1,4-ADCA and 

9,10-ADCA, respectively, were obtained in the ground state. The excited-state acid association 

constants (pK*) were then calculated in DMF from the Förster cycle (equation 2.2), and found to 

Solvent εa         (nm)       (nm) Stokes (cm-1) E0,0 (eV)
2,6-ADCA THF 7 409 419 584 3.0

acidic DMF 409 423 948 3.0
basic DMF 392 400 510 3.1

1,4-ADCA THF 7 396 489 4803 2.8
acidic DMF 390 522 6484 2.8
basic DMF 396 430 1997 2.9

9,10-ADCA THF 7 387 451 3667 3.1
acidic DMF 389 451 3534 3.1
basic DMF 400 410 610 3.1

Anthracene THF 7 378 381 208 3.3

λmax
abs λmax

em
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be 23.0, 23.2 and 23.8, accordingly. Thus, in neutral solutions, the ADCA derivatives are 

predominantly protonated in both the ground state and the excited state. 

Table 2.2. Summary of the lifetime and quantum yield data for ADCAs  

 
aε is the dielectric constant  

In addition to solvent polarity and protonation state, geometry can have a significant 

effect on photophysical properties. DFT and TDDFT calculations were performed to obtain the 

energies and geometries of the three compounds as a function of the dihedral angles between the 

carboxylic acid groups and the anthracene ring system (Figure S2.3, Figure S2.4) both in the 

ground state and in the excited state. The potential energy contours for the 2,6-ADCA isomer in 

the ground state (Figure 2.2.3) show that the lowest-energy conformation occurs when the 

carboxylic acids and the anthracene moiety are coplanar. In the excited state, the lowest-energy 

geometry does not change with respect to the ground state and the molecule remains planar 

(Figure 2.2.3b). Similar results are obtained for the 1,4-ADCA isomer, where coplanarity of the 

carboxylic acids and anthracene moieties is observed in both the ground (Figure 2.2.3c) and the 

first excited state (Figure 2.2.3d). On the other hand, the results for the 9,10-ADCA isomer are 

strikingly different (Figure 2.2.3e,f). For this isomer, the lowest-energy conformation does not 

Solvent εa τf (ns) τ0 (ns) Φfl

kr,exp
(107s-1)

knr,exp
(107s-1)

τ0,calc
(ns)

kr,calc
(107s-1)

2,6-ADCA THF 7 12.1 ± 0.07 22.0 ± 0.08 0.55 ± 0.041 0.045 0.037 -- --
acidic DMF 15.2 ± 0.2 18.8 ± 0.1 0.81 ± 0.092 0.053 0.013 10.7 0.093
basic DMF 6.2 ± 0.05 79.5 ± 0.03 0.078 ± 0.019 0.01 0.15 7.6 0.132

1,4-ADCA THF 7 10.7± 0.1 30.6 ± 0.1 0.35 ± 0.045 0.033 0.061 23.9 0.042
acidic DMF 12.5 ± 0.1 46.3 ± 0.2 0.27 ± 0.042 0.022 0.058 21.2 0.047
basic DMF   3.5 ± 0.1 89.8 ± 0.6 0.039 ± 0.021 0.0011 0.27 15.6 0.064

9,10-ADCA THF 7 8.8 ± 0.3 21.0 ± 0.2 0.42 ± 0.084 0.048 0.066 21.0 0.048
acidic DMF 8.1 ± 0.7 9.6 ± 0.1 0.84 ± 0.029 0.10 0.020 16.3 0.061
basic DMF 4.9 ± 1.7 10.4 ± 0.4 0.47 ± 0.035 0.096 0.11 12.6 0.079

Anthracene THF 7 4.9 ± 0.1 12.3 ± 0.05 0.40 ± 0.010 0.082 0.12 12.6 0.079
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exhibit the carboxylic acids in the same plane as the aromatic rings in either the ground or the 

first excited state. Full geometry optimizations reveal that the lowest-energy structure for the 

ground state 9,10-isomer has dihedral angles of 56.6°, and these dihedrals decrease to 27.7° in 

the first excited state (Figure 2.2.4). Furthermore, the anthracene moiety in the 9-10 isomers 

seems to undergo a noticeable puckering upon excitation that is completely absent in the other 

two isomers (Figure 2.2.4).   

Close examination of the energy contours in Figure 2.2.3 reveals that, interestingly, there 

seems to be a lower barrier for carboxyl rotation for 1,4-ADCA than for 2,6-ADCA in the ground 

state. Indeed, when one of the carboxylic acid groups is coplanar to the anthracene moiety, the 

barrier for full rotation of the other carboxylic acid group is about 5.5 kcal/mol in 1,4-ADCA, 

but around 8 kcal/mol in 2,6-ADCA. The most energetically favorable conformations of both 

2,6-ADCA and 1,4-ADCA have dihedral angles of θ = 0° and both have a maximum energy 

when θ = 90° (see Figure S2.1 for a definition of the dihedral angles).  
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Figure 2.2.3. DFT calculated energies as a function of dihedral angles between –COOH groups 
and anthracene. Ground state of 2,6-ADCA (a), 1,4-ADCA (c), and 9,10-ADCA (e), and first 
excited state of 2,6-ADCA (b), 1,4-ADCA (d), and 9,10-ADCA (f). Energy scales for each plot 
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are shown in kcal/mol relative to the minimum energy of the ground state. (See Figure S2.4 for a 
definition of the dihedral angles.) 

 

Figure 2.2.4. DFT calculated lowest-energy structures of the 9,10-ADCA molecule in the ground 
state (left) and the first excited state (right). 

2.3. Discussion 

As expected, the photophysical characteristics of anthracene are sensitive to the position 

of the carboxylic acid functionalities on the ring system. Additionally, the protonation state of 

the acid groups further alters the excited-state properties of each anthracene derivative. The 

question then becomes, what is the main process that governs the photophysics of each isomer; 

acid-base equilibrium, solvent, formation of higher order aggregates, or excited-state structural 

reorganization? Experimentally determined rates of radiative decay can be compared with rates 

calculated by the Strickler-Berg equation to give insight into the intramolecular and 

intermolecular interactions that may impact the photophysical properties of the fluorophore. 

The Strickler-Berg equation (Equation 2.1)5 extends Einstein’s formalism for transition 

θ1=θ2=56.6(deg.( θ1=θ2=27.7(deg.(

Ground(state( Excited(state(
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probabilities of atomic absorption and emission to polyatomic molecules. From this equation, 

the intrinsic lifetime of a molecule, i.e. the radiative lifetime in the absence of intermolecular 

forces, can be estimated.  The Stickler-Berg relation has accurately predicted the lifetimes of a 

number of molecules; however, it makes a few assumptions that limit its application in certain 

cases. 

𝑘5,7,87 =
1
𝜏<
=
8𝜋×2303𝑐<𝑛E

𝑁,
𝐹H 𝑣J 𝑑𝑣J
𝑣JL 𝐹H 𝑣J 𝑑𝑣J

𝜀 𝑣N 𝑑𝑣N
𝑣N

 

= 2.88×10−9𝑛2
𝐹𝑣 𝑣𝐴 𝑑𝑣𝐴
𝑣𝑓
3𝐹𝑣(𝑣𝑓)𝑑𝑣𝐴

𝜀 𝑣𝐴 𝑑𝑣𝐴
𝑣𝐴

     (2.1) 

The relationship is based on the Born-Oppenheimer approximation, which assumes that the 

electronic transition dipole-moment operator does not depend on nuclear coordinates. 

Furthermore, it assumes that emission occurs only from the lowest-energy excited state. The 

predictive power of the Strickler-Berg relationship is, therefore, limited by large changes in the 

nuclear configuration upon generating the excited state, as well as intermolecular interactions 

between the chromophore and its environment.34 These latter assumptions are the origin of the 

discrepancy in this work between the calculated kr,calc obtained from the Strickler-Berg and the 

experimental kr,exp obtained from the measured fluorescence lifetime and quantum yields of 1,4-

ADCA and 9,10-ADCA, while other phenomena are likely responsible for the contradictions for 

2,6-ADCA (Table 2.2, Table S2.2). 

Neither solvent polarity nor hydrogen bonding character alters the photophysics of 2,6-

ADCA. Thus, it is unlikely that intermolecular interactions play a significant role in altering the 

excited-state properties of the anthracene moiety of this isomer. The absorption spectra of 2,6-

ADCA recorded in acidic and neat solvents display distinct vibronic structure, different from that 

observed in basic solution, which closely resembles the structure of the unsubstituted anthracene 
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molecule. Similar observations have been reported in the absorption spectrum of 2-napthalene 

carboxylic acid (2-NCA) and 2-anthracenecarboxylic acid (2-ACA).35 In general, electronic 

transitions polarized along a given axis are more strongly affected by derivatization of the 

molecule in the same direction. For example, the dissimilarity of the vibronic bands in the 

absorption spectrum of 2-ACA compared with anthracene was attributed to stabilization of the 

1A→1Lb longitudinally polarized low-energy transition. The 1A→1Lb transition is weak in 

unsubstituted anthracene and the corresponding absorption bands are obscured by the more 

intense 1A→1La absorption bands. Addition of a second carboxylic acid group, which further 

extends the length of the molecule, would likely result in greater stabilization of the 1A→1Lb 

transition. Accordingly, the bands assigned to 1A→1Lb appear with greater intensity in the 

absorbance spectrum of 2,6-ADCA. DFT calculations of the lowest energy ground-state 

configuration of 2,6-ADCA suggest a coplanar arrangement between the carboxylic acids and 

the anthracene macrocycle (Figure 2.2.3a). This is in agreement with that observed in crystal 

structures of 2-ACA.36 The coplanar arrangement allows for resonance interactions between the 

acid groups and the aromatic ring system to occur. These resonance interactions increase the 

dipole moment, and thus, the oscillator strength of the 1A→1Lb transition, resulting in the 

appearance of the 1A→1Lb bands.35 The appearance of these strong 1A→1Lb transition bands may 

contribute to the inconsistency between the kr,calc values and the kr,exp values, since the integral 

of the area under the non-emissive 1A→1Lb absorption bands is a component of the Strickler-

Berg equation.  

The emission spectrum of 2,6-ADCA in neutral and basic solutions is not a mirror image 

of the absorbance spectrum. Although it displays anthracenic vibronic structure in all solvent 

conditions, the number of vibronic transitions in the emission is reduced compared to the 
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absorption spectrum. This is not entirely unexpected, as 1La is the only emissive state, and the 

additional vibronic structure is assumed to be due to absorption into the 1Lb state.35 The vibronic 

structure is indicative of little intermolecular reorganization in the excited state. The slight 

bathochromic shift in the absorption spectrum relative to anthracene is attributed to inductive 

effects imposed by the presence of the electron withdrawing functional groups on the 

polyaromatic ring.   

At higher pH values, the carboxylate groups of 2,6-ADCA are less likely to participate in 

resonance interactions, leading to further decoupling from the aromatic ring system and giving 

rise to anthracenic vibronic structure in the absorption spectrum.37 Indeed, the vibronic structure 

in the absorbance spectrum of deprotonated 2,6-ADCA2– more closely resembles that of 

anthracene, but is bathochromically shifted ~19 nm relative to anthracene. Thus, the carboxylic 

acid groups affect the aromatic system through inductive effects but do not participate in 

resonance interactions when deprotonated. 

Contrary to 2,6-ADCA, both the absorption and emission spectra of 1,4-ADCA in neutral 

solvents lack vibronic structure and are diffuse.35 Similar observations have been reported for 1-

anthracenecarboxylic acid (1-ACA).35 DFT calculations predict a lowest energy ground state 

geometry in which the carboxylic acid groups are coplanar with anthracene (Figure 2.2.3c). This 

conformation increases resonance interactions between the overlapping orbitals of the π-system 

and carboxyl groups, introducing charge-transfer (CT) character into the 1A→1La transition 

(polarized along the short axis) and electron density shifts toward the functionalized ring. The 

resulting shift of electron density results in loss of vibronic structure in both the absorption and 

emission spectra. The magnitude of the Stokes shift of 1,4-ADCA increases with the polarity of 

the solvent, i.e. THF < DMF ≈ DMA. Closer inspection of the spectroscopic data reveals that, as 
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solvent polarity increases, an overall bathochromic shift of ~19 nm is observed in the emission 

spectrum. Because the carboxyl groups of 1,4-ADCA introduce CT character into the 1A→1La 

transition, the absorption spectrum is sensitive to solvent interactions with the functional groups. 

As solvent polarity increases, the excited state is stabilized due to solvent-solute induced dipolar 

interactions, giving rise to the bathochromic shift observed in the emission spectrum.35,38 

Therefore, solvent relaxation about the weaker excited-state dipole likely contributes to the large 

Stokes shifts. The coplanar arrangement of the carboxylic acids in the ground state, along with 

the lack of vibronic structure in the emission spectrum, suggests that the resonance interactions 

between the carboxylic acids and aromatic ring system in the ground state are conserved in the 

excited state, which is corroborated by the coplanar lowest-energy structure found in the first 

excited state (Figure 2.2.3d).  

In basic solution, the absorbance spectrum of 1,4-ADCA2– is vibronically structured, 

while the emission spectrum is still broad and diffuse. Similar observations were reported for 1-

ACA–.35 In both molecules, the deprotonated carboxyl groups do not contribute to resonance 

forms of the anion in the ground state and consequently, the absorbance spectra are vibronically 

structured. There are several factors that may contribute to the loss of structure in the emission 

spectrum. For 1-ACA–, the authors proposed that a shift in electron density upon promotion to 

the 1La excited state in the direction of the carboxylate group introduces some CT character 

between the functional group and anthracene moiety, resulting in broadening of the emission 

spectrum.35 It is plausible that such phenomena also contribute to the loss of structure observed 

in the emission spectrum of 1,4-ADCA2–. The Stokes shift of 1,4-ADCA2– (1997 cm–1) is large 

in comparison with the deprotonated 2,6-ADCA2– (510 cm–1) and 9,10-ADCA2– (610 cm–1). A 

relatively large change in molecular dipole moment upon excitation would result in such a 
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substantial Stokes shift. Solvent relaxation may also have a significant effect on the fluorescence 

spectrum. Because the energy of the relaxed excited state is lower than that of the initial Frank-

Condon excited state, thermodynamic equilibration with the surrounding solvent would 

contribute to the loss of structure and bathochromic shift in the emission spectrum of 1,4-

ADCA2–. Lastly, it may be possible that the carboxylate groups can easily rotate, which would 

also give rise to a large Stokes shift (relative to both 2,6-ADCA2– and 9,10-ADCA2–) and broad 

emission spectrum due to nuclear reorganization. Unfortunately, the excited state geometry of 

1,4-ADCA2– could not be predicted computationally, as energy calculations for the deprotonated 

molecule encountered severe convergence problems.  

In neat solvents, the absorption spectrum of 9,10-ADCA displays anthracenic vibronic 

structure, while the emission spectrum is characterized by a broad, structureless band. Similar 

observations have been reported for 9-anthracenecarboxylic acid (9-ACA).41,26,27 The 

structureless emission of 9-ACA was ascribed to enhanced resonance interactions between the 

carboxylic acid group and the aromatic moiety, due to rotation of the functional group into the 

plane of the ring system following excitation.23  

DFT calculations of the lowest energy configuration ground-state geometry of 9,10-

ADCA reveal a dihedral angle of 57º between the carboxylic acid groups and anthracene plane. 

Comparably, 9-ACA was found to have a dihedral angle of 57º and 88º for the conjugate base, 

9-ACA–.27 This ground-state configuration of 9-ACA is supported by crystallographic data.42 

The non-planar geometry has been attributed to steric interactions between the acid group and 

the peri-hydrogens on the carbons in the 1 and 8 positions of the anthracene ring.23 The non-

planar orientation prevents resonance interactions between the carboxylate groups and aromatic 

ring system, and gives rise to anthracene-like vibronic structure in the absorption spectrum. The 
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inductive effects of the electron withdrawing, carboxylic acid groups result in the slight 

bathochromic shift observed in the absorption spectrum of 9,10-ADCA relative to anthracene. 

Deprotonation of the carboxylic acids reduces the strength of the inductive effects and 

consequently, the bathochromic shift in the absorption spectrum of 9,10-ADCA2– is smaller.  

TDDFT calculations show that the dihedral angle, θ, decreases to ~28º in the excited state 

of 9,10-ADCA (Figure 2.2.3f). Interestingly, as the carboxyl groups twist toward a more coplanar 

orientation, the anthracene ring also puckers. Previously, a θ of ~33º was calculated by TDDFT 

for 9-ACA in the excited state, but no ring distortion was reported.27 The distortion of the 

anthracene plane observed in 9,10-ADCA but not 9-ACA may be due to greater steric strain on 

the molecule imposed by the additional carboxylic acid. Puckering of the anthracene ring system 

upon rotation of the carboxyl groups disrupts the transition dipole moment across the short-axis. 

The large reconfiguration energies associated with this rotation and nuclear reorganization lower 

the energy of the excited-state, as evidenced by the large Stokes shift observed in the spectra of 

9,10-ADCA. The more coplanar orientation allows for overlapping of the p-orbital of the acid 

group with the π-aromatic system of anthracene, introducing resonance interactions through 

delocalization of electron density from anthracene into the carboxyl substituents. This 

significantly perturbs the 1A→1La transition dipole moment oriented along the short axis of 

anthracene, giving rise to a broad, structureless emission band. With increased resonance 

interactions, solvent-solute interactions have a greater contribution to the Stokes shift depending 

on the rate of rotation of the carboxyl groups relative to the rate of solvent reorganization as 

intramolecular nuclear reorganization occurs in the excited state. This may be the origin of the 

large discrepancy in the emission spectrum of 9,10-ADCA in neat DCE compared to that 

recorded in the other neat solvents (Figure S2.1). The mirror image relationship between the 
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absorption and emission spectra of the fully deprotonated 9,10-ACA2– measured in basic solution 

indicates that the geometries of the ground and excited states of 9,10-ACA2– are almost identical. 

Thus, the carboxylate groups remain decoupled from the aromatic system, resulting in 

vibronically structured emission. This is also supported by DFT/TDDFT calculations, which 

show little changes between the dihedral angles of 9,10-ADCA2– in the ground (θ = ~50º, Figure 

S2.4c) and excited (θ = ∼60º, Figure S2.4d) states. 

2.4. Conclusions 

 Functionalization of anthracene with carboxylic acid groups results in perturbation of the 

photophysical properties depending on both the location of the groups and extent of their 

interaction with the aromatic ring system. In general, functionalization that extends the molecule 

along the molecular axes containing optical transitions of the same polarization affect the 

properties of that transition more significantly. For example, derivatization at the 2 and 6 

positions extends the molecule along the longitudinal axis and enhances the longitudinally 

polarized 1A→1Lb transition, giving rise to intense 1A→1Lb absorption bands. In the 2,6- isomer, 

electron density remains evenly distributed in the molecule and vibronically structured 

absorption bands are observed. On the other hand, functionalization at the 1 and 4 positions, 

which lengthens the molecule along the short axis, gives rise to an uneven distribution of electron 

density along the polyaromatic ring system and results in broad, diffuse bands in both the 

absorption and emission spectra. The extent of interaction between the carboxylic acids and the 

anthracene ring is dictated by how the functional groups are orientated with respect to the 

anthracene plane. In 1,4-ADCA, the carboxyl groups lie coplanar with the parent anthracene, but 

in 9,10-ADCA, steric hindrances prevent coplanarity. As a result, there is greater overlap 

between the p orbitals of the acid groups in the 1 and 4 positions with the π orbitals of anthracene, 
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introducing a greater amount of charge transfer character in 1,4-ADCA compared to 9,10-ADCA. 

Accordingly, the photophysical properties of 1,4-ADCA are also sensitive to solvent-solute 

interactions and exhibit a dependence upon solvent polarity. The solvent pH also has a significant 

influence on the extent to which the functional groups interact with the ring system. In very basic 

solutions, where the carboxyl groups are completely deprotonated and cannot participate in 

resonance interactions, vibronically structured bands are observed in the absorbance spectra of 

all of the ADCA derivatives.  

This work provides insight into the structure-property relationship of dicarboxylic 

anthracene derivatives and their fluorescent properties. An understanding of the effects of 

substitutions and local environment on the excited-state properties of anthracene can be used to 

further tune derivatives to obtain desired functionality. Such knowledge will aid in the design of 

next-generation optoelectronic materials. 
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2.6. Supplemental Information 

2.6.1. Materials  

2,6-anthracenedicarboxylic acid (2,6-ADCA), 1,4-anthracenedicarboxylic acid (1,4-ADCA), 

and 9,10-anthracenedicarboxylic acid (9,10-ADCA) were synthesized following previously reported 

procedures with minimal modifications and characterized by 1H NMR spectroscopy (-S3).28,29,30,31,32 
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All other chemicals and solvents including anthracene (> 99 %), KOH (85 %), NH4OH (25-30%), 

acetic acid (reagent grade > 99%), dimethylformamide (HPLC grade > 99%), dimethylacetamide 

(spectrophotometric grade > 99%), tetrahydrofuran (ACS grade > 99 %), ethyl acetate (HPLC grade 

> 99.9%), 1,2-dichloroethane (99.8%), acetone (HPLC grade > 99.5%), and butanone (ACS grade > 

99%) were used as received without further purification from Alfa Aesar, Fisher Scientific, or Sigma-

Aldrich. 

2.6.2. Steady-state absorption spectroscopy 

The steady-state absorption spectra of the ADCA derivatives were obtained using an 

Agilent Technologies 8453 UV-Vis diode array spectrophotometer (1 nm resolution) where the 

spectra were recorded with samples prepared in a 1 cm quartz cuvette. To determine the 

extinction coefficients of each compound, three solutions of known concentration were prepared 

separately, then each was diluted three times. The UV-vis absorbance of each solution was 

measured and the absorbance at a fixed wavelength was plotted vs. concentration. The extinction 

coefficient was determined by averaging the slopes of the lines-of-best-fit obtained from each of 

the three plots.      

2.6.3. Steady-state emission spectroscopy and time-resolved emission lifetimes   

All samples were prepared at concentrations below 10 µM to reduce aggregation effects. 

Time-resolved fluorescence lifetimes were obtained via the time-correlated single photon 

counting technique (TCSPC) with a modified QuantaMaster Model QM-200-4E emission 

spectrophotometer from Photon Technology, Inc. (PTI) equipped with a 350 nm LED and a 

Becker & Hickl GmbH PMH-100 PMT detector with time resolution of < 220 ps FWHM.33 

Florescence lifetime decays were deconvoluted from the time-dependent florescence signal and 
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the instrument response function using the fluorescence decay analysis software, DecayFit, 

available online (Fluortools, www.fluortools.com).   

Quantum yields of fluorescence and steady-state emission spectra of the ADCA 

compounds were measured in ethyl acetate, tetrahydrofuran (THF), 1,2-dichloroethane (1,2-

DCE), butanone, acetone, dimethylacetamide (DMA), dimethylformamide (DMF), acidic (acetic 

acid) DMF and basic (NaOH) DMF. The steady-state emission spectra were obtained using the 

same QuantaMaster Model QM-200-4E where the sample compartment was replaced with an 

integrating sphere (PTI). The excitation light source was a 75 W Xe arc lamp (Newport). The 

detector was a thermoelectrically cooled Hamamatsu 1527 photomultiplier tube (PMT). All 

measurements were performed in triplicate using three separately prepared solutions of ADCA 

in each solvent with absorbance values of ~ 0.08-0.09 at the excitation wavelength. 

2.6.4. Theoretical calculations   

Radiative decay rates were calculated by applying the Strickler-Berg method using the 

PhotochemCAD 2.1 software. All electronic structure calculations were carried out with the 

Gaussian 09 suite of programs.43 The DFT calculations presented in this work were carried out 

at the B3LYP/6-31G* level. Sample calculations using the M06 density functional, and the larger 

6-311G* basis set were used to corroborate key results at the B3LYP/6-31G* level. Ground-state 

potential-energy contours correspond to relaxed scans in which the relevant dihedral angles 

between the carboxylic acid groups and the anthracene moiety are allowed to vary at 15° steps 

while the rest of the coordinates are optimized. Potential-energy contours for the carboxylic acids 

in the first excited state were obtained using time-dependent B3LYP/6-31G* calculations, 

directly using the geometries obtained from ground-state dihedral scans.    
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2.6.5. Determination of acid association constants 

Ground-state acid association constants (K) of the ADCA derivatives were determined via 

absorption spectroscopy by monitoring the change in absorption (corrected for dilution) as a 

function of added acid concentration. Samples of the three acids were prepared in solutions of 

water with 0, 10 and 30 mol% DMF and were titrated using NaOH and HCl. The absorption 

value near the isosbestic point at each addition of acid was plotted as a function of acid 

concentration and the data was fit to Equation 1,   

     𝐴V =
NWXY[[\]^_NW`^a

a_[[\]^
           (S2.1) 

where Ai is the absorbance at a given concentration of acetic acid, Amax and Amin are the 

absorbance values for the fully protonated and deprotonated species, respectively, n is the number 

of protons associated with a given acid association constant, K. Ai values were fit to Equation 1 

with K as a variable parameter. Fixing n to 2 yielded the most reasonable fit of the data. The pK 

values were plotted versus mol% DMF and the pK value of each compound in pure DMF was 

determined by extrapolating to 100 mol% DMF. Excited-state acid association constants (pK*) 

were predicted using the Förster cycle, (Equation 2),  

                                                 𝑝𝐾∗ − 𝑝𝐾 = 2.1×10eL(𝑣Nf − 𝑣N[)          (S2.2) 

                                                               𝑣<–< =
HWXY
Xhi eHWXY

jW

E
            (S2.3) 

where 	𝑣Nf  and 𝑣N[  correspond to the wavenumber of the 0–0 transitions of A– and AH, 

respectively.  The wavenumber corresponding to the 0–0 transition was estimated by averaging 

the wavenumbers at the absorption and emission maxima (Equation 3).4    
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2.6.6. Supplemental Figures and Tables 

 
Figure S2.1. Absorption and emission spectra of 9,10-ADCA in ethyl acetate (orange), 1,2-DCE 
(dark blue), butanone (purple), acetone (light blue), DMA (red) and neat DMF (green). 

 
Figure S2.2. Absorption and emission spectra of 2,6-ADCA in neat DMF and DMA 
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Figure S2.3. Absorption and emission spectra of 1,4-ADCA in neat DMF and DMA 

 
 
 
 
 
Table S2.1. Absorption and emission yield data of the ADCAs 

 
 
 
Table S2.2. Lifetime and quantum yield data of the ADCAs 
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Solvent εα        (nm)        (nm) Stokes (cm-1) E0,0 (eV)
2,6-ADCA THF 7 409 419 584 3.0

DMF 37 403 419 809 3.0
acidic DMF 409 423 948 3.0
basic DMF 392 400 510 3.1

1,4-ADCA THF 7 396 489 4803 2.8
DMF 37 393 508 5760 2.9

acidic DMF 390 522 6484 2.8
basic DMF 396 430 1997 2.9

9,10-ADCA THF 7 387 451 3667 3.1
DMF 37 401 454 2911 3.0

acidic DMF 389 451 3534 3.1
basic DMF 400 410 610 3.1

Anthracene THF 7 378 381 208 3.3

λmax
abs λmax

em
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Solvent εα τf (ns) τ0 (ns) Φfl

kr,exp
(107s-1)

knr,exp
(107s-1) τ0,calc(ns)

kr,calc
(107s-1)

2,6-ADCA THF 7 12.1 ± 0.07 22.0 ± 0.08 0.55 ± 0.041 0.045 0.037 -- --
DMA 38 14.2 ± 0.07 15.3 ± 0.05 0.928 ± 0.045 0.065 0.0054 8.5 0.12
DMF 37   14.2 ± 0.3 58.9 ± 0.1 0.246 ±  0.028 0.017 0.053 8.3 0.12

acidic DMF 15.2 ± 0.2 18.8 ± 0.1 0.81 ± 0.092 0.053 0.013 10.7 0.093
basic DMF 6.2 ± 0.05 79.5 ± 0.03 0.078 ± 0.019 0.01 0.15 7.6 0.132

1,4-ADCA THF 7 10.7± 0.1 30.6 ± 0.1 0.35 ± 0.045 0.033 0.061 23.9 0.042
DMA 38 11.5 ± 0.4 29.4 ± 0.1 0.391 ± 0.034 0.034 0.053 18.3 0.055
DMF 37   9.4 ± 0.3 47.5 ± 1.3 0.198 ± 0.25 0.021 0.085 20.9 0.048

acidic DMF 12.5 ± 0.1 46.3 ± 0.2 0.27 ± 0.042 0.022 0.058 21.2 0.047
basic DMF   3.5 ± 0.1 89.8 ± 0.6 0.039 ± 0.021 0.0011 0.27 15.6 0.064

9,10-ADCA ethyl acetate 6.5 9.1 ± 0.9 47.4 ± 0.3 0.192 ± 0.043 0.021 0.089 12.9 0.078
THF 7 8.8 ± 0.3 21.0 ± 0.2 0.42 ± 0.084 0.048 0.066 21.0 0.048

1,2-DCE 10.36 8.4 ± 0.4 32.7 ± 0.1 0.257 ± 0.019 0.31 0.088 -- 
butanone 18.5 9.6 ± 0.2 12.0 ± 0.06 0.802 ± 0.029 0.084 0.020 15.6 0.064
acetone 21 9.9 ± 0.1 91.7 ± 0.3 0.108 ± 0.035 0.11 0.090 18.9 0.053
DMA 38 9.7 ± 0.3 29.2 ± 0.09 0.332 ± 0.020 0.34 0.069 13.1 0.076
DMF 37 6.0 ± 0.2 55.6 ± 0.4 0.108 ± 0.035 0.018 0.15 14.7 0.068

acidic DMF 8.1 ± 0.7 9.6 ± 0.1 0.84 ± 0.029 0.10 0.020 16.3 0.061
basic DMF 4.9 ± 1.7 10.4 ± 0.4 0.47 ± 0.035 0.096 0.11 12.6 0.079
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Figure S2.4. DFT calculated energies as a function of dihedral angles between –COOH groups 
and anthracene. Ground state of 2,6-ADCA2-

 (a), 9,10-ADCA2-
 (c) and 1,4-ADCA2- (e) and first 

excited state of 2,6-ADCA2-
 (b), and 9,10-ADCA2-

 (d). Energy scales for each plot are shown in 
kcal/mol relative to the minimum energy of the ground state. For the 1,4- ADCA2-

 excited state, 
calculations did not converge. 

 

 
Figure S2.5. Definition of the dihedral angles in Figure 2.2.3 for (a) 2,6-ADCA, (b) 1,4-ADCA, 
and (c), 9,10-ADCA. Structures in (a) and (b) correspond to the lowest-energy geometries in the 
ground state. The optimum geometry for 9,10-ADCA is shown in Figure 2.2.4. 
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3. Photophysical Properties of Zr-based Anthracenic Metal–Organic Frameworks 

3.1. Introduction 

Metal-organic frameworks (MOFs) are crystalline materials constructed from metal ions 

or clusters, connected by multidentate organic ligands. In recent years, luminescent MOFs have 

been investigated for their applications in sensing of small molecule and vapors, light-emitting 

devices, photocatalysts as well as bioimaging and drug delivery.1,2 Luminescence in MOFs can 

arise from lanthanide metal nodes, aromatic organic ligands, metal-to-ligand charge transfer 

(MLCT) or ligand-to-metal charge transfer (LMCT) interactions or from guest species.2 MOFs 

with ligand-based luminescence are advantageous because their optical properties may be fine-

tuned by functionalization of the ligand or post synthetic modification.3 Furthermore, the well-

defined crystalline nature of MOFs affords an excellent platform for studying structure-function 

relationships.4  

MOFs constructed from luminescent organic ligands often exhibit similar optical 

properties to that of the free ligand. However, these properties are altered to varying degrees due 

to coordination to the metal, π–π interactions and/or MLCT or LMCT interactions.5 A thorough 

understanding of the excited state properties and how these properties are affected upon 

incorporation into a MOF is necessary in order to rationally design luminescent MOFs for specific 

applications. Here in, three anthracene dicarboxylic acid derivatives, 9,10-anthracenedicarboxylic 

acid (9,10-ADCA), 2,6-anthracenedicarboxylic acid (2,6-ADCA) and 1,4-anthracenedicarboxylic 

acid (1,4-ADCA) were used to construct the Zr-based MOFs, 9,10-ADC Zr-MOF, 2,6-ADC Zr-

MOF and 1,4-ADC Zr-MOF, respectively. Zirconium clusters are known to form highly stable 
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MOFs due to the strong bonding interactions between Zr4+ and the oxygen atoms of the carboxylate 

linkers.6,7 

A detailed study of the photophysical properties of these ligands is described in chapter 1 

(vide supra). Addition of two carboxylic acid groups onto the aromatic ring system distinctively 

affects the photophysics of the parent anthracene moiety depending on their location and 

protonation state. Here in, the excited state properties of the three ADC-Zr-MOFs were 

investigated using stead-state diffuse reflectance and steady-state emission spectroscopies, time-

correlated single photon counting (TCSPC) spectroscopy in the solid state and in a solvent 

suspension and compared to that of the free ligand.  

3.2. Results 

The 9,10-ADC Zr-MOF was synthesized according to a previously reported procedure 

modified from UiO-66.8,9 ZrCl4 (23.3 mg, 0.1 mmol) and 9,10-ADCA (26.6 mg, 0.1 mmol) were 

added to a 3-dram vial along with DMF (3 mL) and acetic acid (0.6 mL, 120 equivalents). The vial 

was capped and sealed with Teflon tape and the mixture was ultrasonicated for 15 minutes. The 

vial was then placed in an oven and heated at 120 ºC for 24 hours. The reaction solution was 

filtered immediately and a light-yellow powder was collected via vacuum filtration then washed 

with DMF and ethanol and dried in air. 

The 2,6-ADC and 1,4-ADC Zr-MOFs were synthesized using a similar procedure, 

optimized by changing the concentration of reactants, reaction time, temperature, modulator and 

amount of modulator used.10 To prepare the 2,6-ADC Zr-MOF, ZrCl4 (23.3 mg, 0.1 mmol) and 

2,6-ADCA (26.6 mg, 0.1 mmol) were added to a 1-dram vial along with DMF (5 mL) and formic 

acid (60 equivalents). The vial was sealed and the mixture was ultrasonicated for 15 minutes then 

heated in an oven at 120 ºC for 24 hours. The reaction solution was centrifuged immediately and 
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the solvent was decanted off. The solid was washed with DMF and centrifuged again until the 

solution was clear. The DMF was decanted off and the solid was dried under vacuum for 3 days. 

The 1,4-ADC Zr-MOF was prepared by first adding ZrCl4 (23.3 mg, 0.1 mmol), acetic acid (80 

equivalents) and DMF (3 mL) in a vial and sonicating for 15 minutes. 1,4-ADCA (26.6 mg, 0.1 

mmol) was then added and the solution sonicated again for 15 minutes. The mixture was heated 

at 100 ºC for 12 hours. The MOFs were obtained by centrifugation, washed with DMF and dried 

under vacuum.  

Figure 3.1.D shows the powder X-ray diffraction (PXRD) patterns of the 9,10-ADC Zr-

MOF and the 1,4-ADC Zr-MOF compared to the simulated pattern of UiO-66 obtained from the 

single-crystal XRD as well as the PXRD pattern of the 2,6-ADC Zr-MOF compared to the 

simulated pattern of UiO-67. The PXRD patterns were fit to the simulated patterns of UiO-66 and 

UiO-67 using Le Bail analysis (Figure S3.1, Figure S3.2). As shown in the SEM images (Figure 

3.1.A), the 9,10-ADC Zr-MOF forms octahedral crystals of with an average size of ~700 nm. The 

2,6-ADC Zr-MOFs also form octahedral crystals ~200 nm in size (Figure 3.1.B). On the other 

hand, the 1,4-ADC Zr-MOF forms rod-shaped crystals several microns in size (Figure 3.1.C). 
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Figure 3.1. SEM images of 9,10-ADCA Zr-MOF (A) 2,6-ADCA Zr-MOF (B) 1,4-ADCA Zr-
MOF (C) and PXRD patterns of 1,4-ADCA (purple) 9,10-ADCA (blue) compared to the simulated 
powder pattern of UiO-66 and 2,6-ADCA (green) compared to the simulated powder pattern of 
UiO-67. 

The absorption and emission spectra of the Zr-MOFs are shown in figure 3.2 along with 

that of the corresponding protonated (ADCA) and deprotonated (ADC2–) ligands measured in 

acidic and basic solutions, respectively. Both 9,10-ADCA and 9,10-ADC2– display anthracene-

like vibronically structured absorption, while that of 9,10-ADC Zr-MOF is broad and diffuse. The 

absorption spectrum of the 2,6-ADC Zr-MOF is also significantly broadened compared to that of 

2,6-ADCA and 2,6-ADC2–. The bands attributed to the 1A1→1Lb transitions are discernable in the 

absorption spectrum of the MOF. The 1,4-ADC Zr-MOF displays a diffuse absorption spectrum 
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similar to that of 1,4-ADCA, but is completely unstructured. The absorption spectrum of each of 

the Zr-MOF is redshifted relative to its free ligand in solution. The absorption spectra of the Zr-

MOFs are redshifted 51 nm, 4 nm and 7 nm for 9,10-ADCA, 2,6-ADCA and 1,4-ADCA, 

respectively, and 41 nm, 21 nm and 27 nm for the deprotonated forms. 

The emission spectra of all three Zr-MOFs most closely resemble that of the corresponding 

protonated linker. The emission spectrum of the 9,10-ADC Zr-MOF is slightly broadened and the 

emission maximum (λmax) is redshifted by only a few nanometers. The 2,6-ADC Zr-MOF displays 

vibronically structured emission, analogous to 2,6-ADCA, but is blueshifted by ~ 1 nm. The 

emission spectrum of the 1,4-ADC Zr-MOF is broad and diffuse, with some slight vibronic 

features at ~ 405 nm and ~ 425 nm. The λmax, centered at 457 nm, is redshifted 15 nm from that of 

1,4-ADCA. 

The fluorescence lifetimes of the ADCA Zr-MOFs and ADCA ligands in acidic and basic 

solution are listed in Table 3.1. The fluorescence decays of the Zr-MOFs were measured in 

suspensions of the MOF in DMF and were best fit to a biexponential decay function. So far, 

reasonable, repeatable quantum yield values have not been obtained. 
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Figure 3.2. Absorption and Emission spectra of 9,10-ADCA (a,b), 2,6-ADCA (c,d) and 1,4-
ADCA(e,f) in acidic solution (ADCA, red), basic solution (ADC2–, blue) and in a Zr-MOF (black). 
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Table 3.1. Absorption and emission data and lifetimes measured for the Zr-MOFs and anthracene-based 
linkers in solution 

 
3.3. Discussion 

The crystal structures of the ADC Zr-MOFs were determined by comparison of the 

experimental PXRD patterns with the simulated powder patterns of the well-known UiO-66 and 

UiO-67 frameworks, because MOF crystals large enough for single-crystal X-ray diffraction could 

not be obtained.11,12 The PXRD patterns of 9,10-ADC and 1,4-ADC Zr MOFs are compared with 

that of UiO-66, which is contains 1,4-benzenedicarboxylate (BDC) ligands, since coordination at 

the 9,10 and 1,4 positions are expected to result in similar spacing between metal nodes. Likewise, 

the distance between nodes in the 2,6-ADC Zr-MOF would likely be analogous to that of the 

biphenyl-4,4′-dicarboxylate (BPDC) containing, UiO-67. The peaks observed in the powder 

patterns of the 9,10-ADC and 2,6-ADC Zr-MOFs match well with the simulated PXRD patterns 

of UiO-66 and UiO-67, respectively. Le Bail refinements (Figure S3.1, Figure S3.2) of the 9,10-

ADC and 2,6-ADC Zr-MOFs are isostructural with the corresponding UiO frameworks and 

confirmed that no crystalline impurities were present in the sample. Furthermore, the refinements 

revealed a unit cell lattice size (a) of 20.89 Å for the 9,10-ADC Zr MOF and a = 26.97 Å for the 

λmax,abs (nm)  λmax,em (nm) Stokes (cm-1) E0,0 (eV) t′ (ns) t″ (ns) 

9,10-ADC Zr-MOF 420 457 1928 2.9 1.1 ± 0.07 6.3 ± 0.06 
9,10-ADC2– 379 430 3129 3.1 – 8.1 ± 0.7 
9,10-ADCA 369 453 5025 3.1 – 4.9 ± 1.7 

2,6-ADC Zr-MOF 393 400 445 3.1 0.2 ± 0.002 14.3 ± 0.2 
2,6-ADC2– 410 422 694 3.0 – 15.2 ± 0.2 
2,6-ADCA 403 537 6192 2.7 – 6.2 ± 0.05 

1,4-ADC Zr-MOF 376 522 7439 2.7 1.7 ± 0.03 8.2 ± 0.09 
1,4-ADC2– 420 457 1928 2.9 – 12.5 ± 0.1 
1,4-ADCA 379 430 3129 3.1 –   3.5 ± 0.1 

τ1 (ns) τ2 (ns)
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2,6-ADC Zr MOF. These values are in good agreement with UiO-66 (a = 20.74 Å) and UiO-67 (a 

= 26.88 Å).8,21 Fits of the PXRD pattern obtained for the 1,4-ADC Zr MOF did not converge. 

However, 2θ of the first peak in the powder pattern of the 1,4-ADC Zr MOF relative to that of 

9,10 and 2,6-ADC Zr MOFs, suggests that the unit cell parameter is intermediate the other two 

MOFs.* The SEM images show that, like UiO-66 and UiO-67, the 9,10 and 2,6-ADC Zr-MOF 

form octahedral-shaped crystals with high crystallinity. On the other hand, The PXRD pattern 

obtained for the 1,4-ADC Zr-MOF do not directly correspond to those of UiO-66. Furthermore, 

the SEM images show that 1,4-ADC Zr-MOFs produced large rod-shaped crystals. This difference 

could possibly be ascribed to a large degree of defects within the crystal cause by the high steric 

bulk of the 1,4-ADCA ligand within the UiO-type framework. 

To examine the effects on the ground and excited-state properties of the ligands upon 

coordination into the MOF structure, the photophysics of the Zr-MOFs were compared to that of 

the protonated (ADCA) and deprotonated (ADC2–) in solution. The redshift and broadening of 

the emission spectrum of 9,10-ADC and 1,4-ADC Zr-MOFs relative to that of the free ligands is 

likely caused by interactions with the zirconium ions and/or between anthracene units. Similar 

broadening and redshift in the emission spectrum of 2,6-naphthalenedicarboxylic acid when 

incorporated into a Zr-MOFs has previously been reported.13,14 In one study, DFT calculations 

revealed that the HOMO/LUMO energy gap of 2,6-naphthalinedicarboxylic acid increases upon 

coordination to the Zr-oxide nodes and indicated that charge transfer interaction can occur the 

between the metal ions and aromatic system.13 Similar interactions between the anthracene-based 

ligands and Zr-oxide nodes are also likely to occur. Such interactions would result in a broad, 

redshifted emission spectrum, which is observed for the 9,10-ADC and 1,4-ADC Zr-MOFs.  
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The substantial degree of broadening and the significant redshift observed in the absorption 

spectrum may be attributed to intermolecular interactions between the anthracene-based ligands. 

Such effects are observed in the formation of ground-state anthracene dimers.15 Additionally, 

anthracene excimer emission is characterized by a broad emission band in the 400 nm – 700 nm 

region.15,16 The magnitude of the effects of π-interactions on the photophysical properties is 

dependent upon distance between chromophores as well as their orientation. Based on the C–C 

distance between BDC linkers in UiO-66 of ~ 5.8 Å along with an estimated size of 11.8 Å × 7.8 

Å for an anthracene molecule, it is possible for some amount of π-overlap to occur between 

anthracene moieties of the 9,10-ADC and 1,4-ADC Zr-MOFs.17,18 Furthermore, the extent of π-

overlap should be stronger in the 1,4-ADC Zr-MOF since more of the aromatic anthracene unit 

is available to interact with neighboring chromophores. Accordingly, a λmax of 457 nm is observed 

for the 9,10-ADC Zr-MOF and 522 nm for the 1,4-ADC Zr-MOF. It is also likely that a small 

amount of free ligand may be encapsulated in the pores of the MOF, which would facilitate π-π 

stacking interactions. 

TDDFT calculations of the 9,10-ADCA in the excited-state indicated that the molecule 

undergoes puckering of the anthracene plane in the excited state due to a decrease in the dihedral 

angle between the acid groups and the ring system (vide supra). The similarity between the 

emission spectrum of 9,10-ADCA recorded in acidic DMF and in the MOF suggests that the 

ligand may still undergo such geometry changes within in the MOF.   

The 2,6-ADC Zr MOF also displays a broad, redshifted absorption spectrum; however, the 

emission spectrum appears almost unchanged relative to 2,6-ADCA in solution. The similarity 

between the vibronic bands in the absorption spectrum of 2,6-ADCA and the 2,6-ADC Zr-MOF 

indicates that the 1A1→1Lb transitions polarized along the longitudinal axis are also stabilized in 
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the MOF. In addition, the MOF exhibits emission band with distinct vibronic structure that closely 

resembles emission of 2,6-ADCA in solution. Therefore, coordination of the 2,6-ADC derivative 

into the MOF has negligible effects on the 1A1→1La transition, which is responsible for the 

observed anthracene-based emission (vide supra).  

The biexponential fluorescence decays measured for all three Zr-MOFs showed a 

biexponential decay consisting of a longer lifetime component, intermediate of that observed for 

the corresponding ADCA/ADC2– in solution, as well as a shorter component. There are a few 

factors that may be responsible for the biexponential decay. First, ground-state interchromophore 

interactions could result in excimer emission with fluorescence at the same wavelength, resulting 

in fluorescence from two different species. Alternatively, excited state interaction between 

chromophore pairs, such as resonance energy transfer, could result in quenched fluorescence from 

the donor and monomeric emission from the acceptor.15,19 Because the longest lifetime is very 

close to that of the free ligand in solution, it is most likely assigned to monomeric emission, as 

excimer emission generally exceeds that of the monomer. The shorter lifetime is then ascribed to 

dynamic quenching of ligand-based emission, possibly due to resonance energy transfer from one 

anthracene unit to another close by.15,20  

3.4. Conclusions 

The photophysics of each of the three anthracene dicarboxylic acids are altered upon 

coordination to the zirconium-based nodes of the MOFs. Interactions between anthracene units of 

the linkers further affect their ground and excited-state properties. Moreover, the distances 

between anthracene units and their orientation within the framework dictate the extent of these 

intermolecular interactions. In order to better understand chromophores interactions in the MOF, 

future work will involve obtaining fluorescence quantum yields of the Zr-MOFs as well as 
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transient absorption and emission measurements, unit cell calculations and modifying synthetic 

parameters in attempt to obtain single-crystals for X-ray diffraction analysis.    

3.5. Supplemental Information 

3.5.1. Experimental Procedures 

3.5.1.1. Materials  

2,6-anthracenedicarboxylic acid (2,6-ADCA), 1,4-anthracenedicarboxylic acid (1,4-

ADCA), and 9,10-anthracenedicarboxylic acid (9,10-ADCA) were synthesized as described in 

the previous chapter, and characterized by 1H NMR spectroscopy. All other chemicals and 

solvents including, ZrCl4, dimethylformamide (HPLC grade > 99%), acetic acid (reagent grade 

> 99%), and formic acid (reagent grade > 99%) were used as received without further purification 

from Alfa Aesar, Fisher Scientific, or Sigma-Aldrich. 

3.5.2. Powder X-ray diffraction and Scanning electron microscopy  

X-ray powder diffraction patterns (PXRD) of MOF powder samples were obtained with 

a Rigaku Miniflex. SEM images were collected with a Leo/Zeiss 1550 Schottky field emission 

scanning electron microscope equipped with an in-lens detector.  

3.5.3. Steady-state absorption spectroscopy 

The steady-state absorption spectra of the ligands were obtained using an Agilent 

Technologies 8453 UV-Vis diode array spectrophotometer (1 nm resolution) where the spectra 

were recorded with samples prepared in a 1 cm quartz cuvette. Diffuse reflectance measurements 

were performed on the same instrument, where the sample compartment was replaced with an 

integration sphere.    
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3.5.4. Steady-state emission spectroscopy and time-resolved emission lifetimes   

Approximately 3 mg of MOF powder were suspended in 3 mL DMF and the sample was 

continuously stirred during the emission measurements. All ligand samples were prepared at 

concentrations below 10 µM to reduce aggregation effects. Time-resolved fluorescence lifetimes 

were obtained via the time-correlated single photon counting technique (TCSPC) with a modified 

QuantaMaster Model QM-200-4E emission spectrophotometer from Photon Technology, Inc. 

(PTI) equipped with a 350 nm LED and a Becker & Hickl GmbH PMH-100 PMT detector with 

time resolution of < 220 ps FWHM. Florescence lifetime decays were deconvoluted from the 

time-dependent florescence signal and the instrument response function using the fluorescence 

decay analysis software, DecayFit, available online (Fluortools, www.fluortools.com).   

Quantum yields of fluorescence and steady-state emission spectra of the ADCA 

compounds were measured in DMF. The steady-state emission spectra were obtained using the 

same QuantaMaster Model QM-200-4E where the sample compartment was replaced with an 

integrating sphere (PTI). The excitation light source was a 75 W Xe arc lamp (Newport). The 

detector was a thermoelectrically cooled Hamamatsu 1527 photomultiplier tube (PMT). All 

measurements were performed in triplicate using three separately prepared solutions. 

To ensure stability of the MOF and the absence of free linker, the solutions were syringe 

filtered and emission was monitored at the maximum wavelength of emission for each ligand 

after the emission experiments were completed. 
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3.5.5. Supplemental Figures 

 
Figure S3.1. Le Bail refinement of the PXRD pattern of the 9,10-ADC Zr-MOF 
 

 
Figure S3.2. Le Bail refinement of the PXRD pattern of the 2,6-ADC Zr-MOF 
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