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Abstract

Ultra large pore isostructural metal organic frameworks (MOFs) which exhibit both
photoluminescence and scintillation properties, were synthesized from trans - 4,
4’-stilbenedicarboxylic acid (H,L) and trivalent lanthanide (Ln) metal salts under solvothermal

conditions (Ln = Er’" (1) and Tm®" (2)). This new class of mesoporous materials is a
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non-interpenetrating network that features ultra-large diamond shaped pores of dimensions with
approximate cross-sectional dimensions of 28 A x 12 A. The fully deprotonated ligand, L, is
isolated and rigidified as it serves as the organic linker component of the MOF structure. Its low
density unit cells possess asymmetric units with two crystallographically independent Ln** ions
in seven coordinate arrangements. A distinct feature of the structure is the bis-bidentate
carboxylate groups. They serve as a ligand that coordinates two Ln(III) ions while each L
connects four Ln(III) ions yielding an exceptionally large diamond-shaped rectangular network.
The structure exhibits ligand-based photoluminescence with increased lifetime compared to free
stilbene molecules on exposure to UV radiation, and also exhibits strong scintillation
characteristics, comprising of both prompt and delayed radioluminescence features, on exposed

to ionizing radiation.
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Introduction

Metal organic framework (MOF) materials have shown great promise for applications in
many areas. Examples include ionizing radiation detection', chemical sensing, adsorption, ion
exchange, gas storage, catalysis, optics, magnetism, molecular recognition and drug delivery.
Their assembly involves coordination between metal ions or metal ion clusters and bridging
linkers (usually organic ligands) to produce 2-D and 3-D structures. Cavities, voids, pores and
channels are present in many cases. The three dimensional lattices of MOF structures offer
well defined environments for the isolation of organic chromophores and consequently,
luminescent MOFs that display ligand-based emission have been receiving increasing attention
in recent years. Of particular interest is the potential application of MOFs as radioluminescent
(scintillating) materials for the detection of ionization radiation, including neutrons, protons and
gamma rays. Advancements in the science of ionizing radiation detection are of great interest
and significance in radiography, biological safety, and nuclear materials identification and
monitoring. The organic molecule, stilbene, is a very important radioluminescent component of
many solid-state scintillating materials.” However, when exposed to ionizing radiation, stilbene
can undergo frans-cis isomerization, and the non-fluorescent cis isomer can also produce
additional photobyproducts, including cyclization to dihydrophenanthrene.** These events lead
to energy loss through non-radiative relaxation that can significantly reduce luminescence
efficiency and quantum yield.

Recently it was shown that incorporating trans-4,4’-stilbenedicarboxylate as the linker,
L, in a Zn based MOF structure, suppresses its trans-cis isomerization activity, thereby
producing a photoluminescent®’ and radioluminescent'*® material with increased quantum
efficiency. The ligand, L is a relatively long and flexible and when used in MOFs synthesis, the
openness of any 3-D structures that are produced may be compromised by interpenetration of
multiple nets, as was observed in Zn-stilbene MOFs reported.>® Though the multiple nets can,
in many cases, stabilize the structure by through-space inter-chromophore interactions between
the neighbouring ligands, the interpenetration can also alter their luminescence behaviour and
reduce their porosity. MOFs utilizing L as linker have also been described for Cd,”"* Co'>"’
Cu'® Mn, P N>t pp 202! 7n?2:%6 and recently, Zr 27 To date however, reports of

28,29

lanthanide-stilbene MOFs are scarce and those with non-interpenetrating open 3-D

structures are unknown. MOFs with open network structures are attractive since their channels
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and pores are desirable in a wide range of applications, including molecular separations and
catalysis. In this research, we seek to explore the synthesis of lanthanide based MOFs for
applications as photoluminescent and radioluminescent materials. The rationale for the use of
lanthanide ions is based on their large size and their high propensity for high coordination
numbers, which can promote 3-D connectivity.

We report herein a new MOF structure that is prepared by reacting Ln(III) ions with H,L
(Ln = Tm (1) and Er (2)), and its associated photo- and radioluminescence properties. The
non-interpenetrating, low density structure possesses ultra large pores with approximate
cross-sectional dimensions of 28 A x 12 A. The framework isolates and imposes structural
rigidity on the the L units by locking its ethylene group in a trans configuration. This serves to
simultaneously reduce trans-cis isomerization and the degree of inter-chromophore interactions
between the stilbene units. Non-radiative relaxation pathways are restricted as a result, thus

enhancing its radiative photoluminescent and radioluminescence lifetimes.

Experimental

Materials and supplies

Trans-4,4’-stilbenedicarboxylic acid, H,L, was purchased from Sigma Aldrich, Inc. Thulium
nitrate (Tm(NO3);-6H,0) was purchased from Alfa Aesar and erbium nitrate (Er(NOs3);-6H,0)
was purchased from Acros Organics. N,N - diethylformamide (DEF) was purchased from TCI

Published on 07 December 2016. Downloaded by University of Liverpool on 13/12/2016 08:40:32.

America. All chemicals were research grade and were used without further purification.

Synthesis

Structure 1 (Cg4HyEr;Oy1): A mixture of Er(NOs);-6H,0 (75.4 mg, 0.17 mmol), H,L
(7.5 mg, 0.028 mmol) and DEF (5 mL) were sealed in an 8§ mL scintillation vial and heated to
105°C for 48 h. The vial was allowed to cool and the colorless crystals were filtered and
repeatedly washed with fresh DEF. The yield was 96 % based on H,L.. Elemental anal. Calcd
(%): C, 46.7; H, 2.43. Found: C, 46.2; H, 2.86. FTIR (KBr pellet, cm'l): 3478 br, 3144 br,
2981w, 2930w, 2855w, 1684w, 1544w, 1420s, 1101w, 958w, 785m, 707w, 630w, 574w, 526w.
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Structure 2 (CgHyoTmsO,1): The procedure for the synthesis of 2 was similar to 1, except
Tm(NO3)3-6H,0 was used and the synthesis time was 20 h. The yield was 77 % based on H,L.
Elemental anal. Calcd (%): C, 46.5; H, 2.42; Found: C, 46.2; H, 2.66; FTIR (KBr pellet, cm'l):
3478 br, 3144 br, 2981w, 2930w, 2855w, 1684w, 1544w, 1420s, 1101w, 958w, 785m, 707w,
630w, 574w, 526w.

Characterization

Single crystal analysis: X-ray diffraction data (MoK,) were collected on a Bruker
APEX-II CCD diffractometer at 100 K. The diffraction intensities, even from very large crystals,
were very weak due to its porous and low density structure which contains highly disordered
solvent molecules in the voids. We speculate that the crystals may have been extensively
twinned and this contributed towards the very weak diffraction. However, there were no obvious
signs of twinning in the diffraction patterns. Complete intensity data were collected with the
program, APEXII (Bruker). Cell parameters were refined using SAINT.*® Data reduction,
scaling and absorption corrections were performed using SAINT and SADABS-2014/5"'.  The

32 and

structures were solved by charge flipping using the Superflip structure solution program
by using Olex2™> as the graphical interface.

A survey of the diffraction indicates weak and diffuse reflections commensurate with the
defects in the crystal (a consequence of the strain in the structure). The systematic absences
and the cell symmetry were consistent with the space group Cmcm. The refinements in Cmcm
showed severe disorder. The non-isomorphic subgroups Cmc2;, C2cm (Ama2) and C2/c, which
all retain C-centered cell and c-glide plane were tested but also showed various types of disorder
(see SI for details). A non-disordered model was finally obtained in space group Cc, which is a
subgroup of the latter three that preserves both the lattice centering and the glide plane, in the
form of a pseudo-merohedral twin. Platon Squeeze™ was used to treat the disordered solvent and
the contents of the voids because the electron density was too diffuse to model. The models
were refined with ShelXL using Least Squares minimization.”> All non-hydrogen atoms were

refined anisotropically. Hydrogen positions were calculated geometrically and refined using the

riding model.
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Powdered X-ray diffraction (PXRD analysis was conducted using a Panalytical
Empyrean Series II X-ray Diffractometer. The X-ray source was a Cu Ka (A=1.5418 A ) anode
operating at 45 kV and current of 40 mA, and diffraction patterns were obtained between the 20
angles of 4°- 40°, with a step size of 0.026° and scan time of 147.5 seconds. Simulated PXRD
patterns were obtained from SCXA data using Mercury 3.1 software from the Cambridge Crystal
Data Center (CCDC).

Infrared measurements were recorded on a Bruker Alpha-P FT IR spectrophotometer
(intensive pattern: m-medium, s-strong, w-weak). The sample was introduced into the
spectrophotometer using KBr as a zero background powder and measurements were acquired
between 350 cm™ and 4000 cm™. Thermogravimetric analysis was conducted on a TA
Instrument Q50 thermal analyzer. Approximately 2 mg of (chloroform soaked) 1 and 2 were
heated at a rate of 5 °C/min from ambient temperature to 900°C under air flow. Elemental
analysis was performed by Atlantic Microlab, Atlanta, GA, USA.

Room temperature solid-state photoluminescence measurements were carried out on a
thin layer of crystals that was placed between quartz plates on a SPEX FluoroLog 3
spectrofluorimeter in its front face emission scan mode. Radioluminescence measurements
were conducted using ion beam induced luminescence (IBIL) method in the Ion Beam
Laboratory, Sandia Laboratories, New Mexico, using published proceduress.lb The experimental

setup and conditions involved a 2.5 MeV proton beam, a current density 12000 NA/cm? with the
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sample under 4.3 x 10° Torr vacuum pressure and ambient temperature. The beam was
focused onto the sample with a spot sized estimated to be 120 um x 175 um. Data was collected
using a fiber optics coupled CCD spectrophotometer.

Time correlated single photon counting (TCSPC) was used to determine
radioluminenscence decay dynamics. The instrument setup and operation were previously
described.'® The setup includes a '*’Cs vy radiation source (0.66 MeV, 70.1 uCi), two
photomultiplier tubes and a light tight box. The first PMT (Hamamatsu, H5783-04) is coupled
to the sample to detect the trigger. The second PMT (Hamamatsu H9305-03) is equipped with an
attenuator to reduce the amount of photons it received and processed by a digital oscilloscope
(Lecroy Waverunner 6200A, 2 GHz). The sample was suspended between two glass coverslips

with Visilox-788 optical grease, and mounted on the PMT lens. The *’Cs source was placed
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within close proximity of the sample, but not in the way of the PMTs so as to not interfere with

data collection.

Results and Discussion

Structure Description

The X-ray crystal structures of CgHyoEr;0,(1), and CgsHaoTms0O;,1(2) show that both are
isostructural and are open, 3-D non-interpenetrating frameworks with large pores (electronic
supplemental information, ESI Figure S1 and Tables S1-S15). Details of the structure are
therefore described herein for 1. While the structures could be solved and refined in the higher
symmetry of space group Cmcm (albeit with severe disorder), it was necessary to reduce the
symmetry down to Cc in order to describe the detailed ordered framework that consists of metal
ions and L linkers. The principle connectivity of the framework was determined, but the finer
details of the structure are obscured by the twinning and disorder. In particular, there are strong
Fourier artifacts along planes with Miller indices (100) that intersect the lanthanide atoms. The
residual electron density along these planes obscure the coordination geometry about the
lanthanide atoms. Interestingly, the stilbene ligands are not coplanar with these planes and refine
relatively well.

A projection of the crystal structure on the ab-plane is shown in Figure 1. The low
crystallographic symmetry of space group Cc generates an asymmetric unit containing four
stilbene ligands and three metal ions (Erl, Er2 and Er3) two of which (Er2 and Er3) are
symmetrically equivalent in the higher symmetry but diverge in their y-positions in the lower
symmetry. The breaking of the symmetry from Cmcm to Cc may be the result of mechanical
stress within the framework. The stilbene atoms are located easily but the coordinated DEF
molecules are not. An interesting aspect of this structure is that the rigid ligand retains a nearly
planar conformation and separates the Ln(III) corners by a distance of 17 A. The stilbene linkers
are not strictly planar but slightly bent, which may indicate strain within the framework.

All metal ions are seven-coordinated; Er2 and Er3 contain one extra ligand atom in their
coordination sphere in addition to the six oxygen atoms which are part of carboxylate groups,
while Erl binds to three additional ligand atoms. The nature of these ligands is not clear from
the refinements because the coordinated ligand atoms show large thermal parameters and the

electron density surrounding these sites is very diffuse. One can assume that these sites are
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partially occupied by disordered DEF solvent and/or water molecules. The metal ions are
bridged by carboxylate groups of the ligand, forming undulating chains along the
crystallographic c-axis (Figure 2). The repeat unit of the coordination chains contains three metal
ions and eight carboxylate groups. Metal ions, Er2 and Er3, are bridged by four carboxylates
while metal ion Erl is joined to each of the other by two carboxylates (Figure 2). The chains are
crosslinked via stilbene linkers resulting in a 3-D network.

The Er(Ill) atoms are the vertices linking the edges of the bridging ligands. The
carboxylate ions are bis-bidentate and bridge two Er atoms rather than each carboxylate
chelating one Er atom. It is interesting to reflect on the differences in these two modes of binding
on complexing Ln’" ions. Lanthanide atoms are very large and the longer OO distances in
neighbouring bis-bidentate carboxylate ions (2.5 A — 3 A) are better suited for forming optimal
coordination geometries about the Ln’" ions (with minimal strain) than the shorter O--*O distance
(2.2 A) in the non-bridging carboxylate ion. On the other hand, the C=0-""M angles are much
wider (about 145°) when the carboxylate bridges two metals than when the carboxylate chelates
one metal (nearly 90°). From an electron density perspective, there are two valence charge
concentrations about the oxygen atom (corresponding to its lone pair electrons) approximately
115° to the C=0 bond. It seems that chelating carboxylates are better at directing the lone pair
maxima towards the metal atoms whereas bridging carboxylates optimizes the coordination
geometry about the lanthanide atoms because of the flexible O *O distances. The bridging

carboxylates form an infinite, undulating chain of Ln(IIl) atoms along the c-axis (Figure 2). The

Published on 07 December 2016. Downloaded by University of Liverpool on 13/12/2016 08:40:32.

chain direction is perpendicular to the ps-ligand bridges. There are two groups of bridging
carboxylate ligands (Figures 1a and 1b) perpendicular to the metal chains forming lattice planes
with Miller indices of (1-10) and (-1-10) and a dihedral angle of 55° forming a complex infinite
3-D mesoporous network. These intersecting planes form a large molecular rectangle with a
diagonal distances of 30.6 A and 16.1 A.

The molecular rectangles are aligned so that they form exceptionally large diamond
shaped channels along the crystallographic direction [001] (Figure 3). The pore dimensions
were estimated with the aid of the computer program, SECTION.*® This program displays
cross-sectional slices through the unit-cell (using van der Waals radii) and from which the size of
the pores were measured. The channels are continuous and are about 28 A x 12 A wide when the

additional ligand atoms that complete the coordination spheres of Erl are included in the
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measurement. They are intersected by smaller channels. A more precise estimate of the
solvent accessible volume was determined using Platon*” and amounts to 7850 A* or 62% of the
unit cell volume. The estimated surface area in the unit cell is 3353 A®. The channels are linear
with not much variation in their widths. The pore region is likely to contain highly disordered
solvent molecules. The electron density in this region is very diffuse and contributes little to the
Bragg scattering. When viewed along the b-axis it becomes apparent that the architecture is
supported by the diagonal bracing of stilbene linkers between the coordination chains, which

reinforces the rigidity of the open framework (ESI Figure S4).

1b

Figure 1. Coordination environment of (a) Erl and (b) Er2 in 1. (Hydrogen atoms omitted for
clarity).
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Figure 2. ErO; polyhedra (green) interconnected by ligand carboxylate groups, forming an
undulating chain-like arrangement along the c-axis, and the interconnectivity of the undulating
chains by L units along the (1-10) and (-1-10) directions in 1. Hydrogen atoms and solvent
molecules are omitted for clarity.

-

o ® ¥

S ol
L

»

Figure 3. The structure from viewed along the [001] (channel) axis showing network of
diamond-like channels. The atoms are drawn with 100% van der Waals radii. The inside
diameters of the channels are about 28 A x 12 A. Solvent molecules are omitted for clarity.
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Strikingly, this very low density mesoporous structure is devoid of interpenetrating
networks. This is markedly different from the 2-D and 3-D MOF structures reported for this
ligand with transition.”®*" Structures 1 and 2 are also markedly different in their 3-D structural
arrangement, space group, chemical composition, ligand-metal coordination and pore
architecture from other reported stilbene-based lanthanide MOFs. Deng et al reported a series
of stilbene-based lanthanide MOFs (Er included) which were synthesized from Ln,Os (instead of
the typical salt), HCI, and DMF at 180° C.*® The structures crystallized as four different twofold
interpenetrating 3-D pilllared layered networks, with formate ion (from the decomposition of
DMF) and L units bridging the lanthanide ions. Song et. al reported that stilbene based Eu and
Tb MOFs, which were synthesized at room temperature for 14 days, crystallized as twofold
interpenetrating networks, and with the solvent, DMSO, coordinated to the framework
structure.”’ The structures from these two lanthanide ion exists in different space groups and, are
not similar those reported herein. Interestingly, the lanthanide ions are eight and nine
coordinate in these reported MOFs, whereas they are seven coordinate in structures 1 and 2.
Further, the ligand exhibit three coordination modes (namely, chelating, bridging, and
chelating-bridging) in the reported structures, whereas only the bridging coordination mode is
present in structures 1 and 2. The factors responsible for the open non-interpenetrating
networks of structures 1 and 2 remain unclear, but the lower coordination number of the
lanthanide ions and the coordination mode of the ligand are of interest.

Powder X-ray diffraction (PXRD) patterns of air dried structures, 1 and 2, indicate that
their diffraction profiles are both similar to their respective simulated pattern, as represented by
that for 2 (ESI Figure S5). This further supports single crystal X-ray analysis, thus confirming
that the compounds are isostructural. In addition, the close matching of diffraction peaks to the
simulated pattern and the absence of additional peaks indicate that the structures crystallized as a
pure phase.

FTIR spectra: FTIR spectral analysis shows that the peak around 1700 cm™ in the H,L
disappears in the MOF structure due to the formation of -(CO;)Er, thus indicating that the ligand
is fully deprotonated within the structure (ESI Figure S6). The v,5(C=0) absorption bands for
the ligand at 1730 cm™ and 1659 cm™ redshift to 1629 cm™ in 1 due to the formation of partial
bond between oxygen atom and the Er atom which reduces the bond strength of C=0. In

addition, 1 exhibits vy(C=0) absorption at 1406 cm” and 1328 cm”. The C-O stretching
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vibrations are observed at 1140 and 1174 cm™ in the pure ligand and at 1160 cm™ in 1. The IR
spectrum of 2 shows similar features (ESI Figure S6).

Thermal analysis: For 1, the TGA curve indicate weight loss of approximately 25 wt.
% up to about 350 °C which is attributed to loss of DEF molecules from within the pores (ESI
Figure S7). Further weight loss amounting to 25% between 520 °C and 600° is attributed to the
degradation of the linker, with the metal oxide remaining as the solid residue. The TGA curve
of 2 shows similar weight loss features. The structures are stable in air and in chloroform.
However extended evacuation at ambient or elevated temparatures or exposure to solvents
including water, methanol and methylene chloride in an effort to remove occluded DEF
molecules, resulted in substantial irreversible structural changes with partial loss of crystallinity
(as deterimined by powdered XRD). Consequently, the resulting material showed no significant
surface area (as was determined by nitrogen porosimetry measurements) despite the porous

crystal structure.

Photoluminescence

The isolation and rigidification of luminescent ligands by scaffolding them within MOF
structures can significantly alter their properties from those exhibited when they are in their solid
powdered form." This luminescence behavior was investigated for 2 whose photoluminescence

spectra are shown in Figures 4. The spectra of solid H,L are also included for comparison.
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Figure 4. Normalized excitation and photoluminescence spectra along with the ion bean
induced luminescence (IBIL) spectra after exposure to 2.5 MeV proton beam of ionizing
radiation for 2 (a) and H,L-powder (b).

The photoluminescence spectrum of structure 2 (Figure 4a) shows a profile, (consisting
of distinct vibronic peaks), that is similar to that of H,L (Figure 4b) and Na,L in solution (ESI

Figure S8) observed herein and reported elsewhere®’~®

. The profile is also similar to those
reported for stilbenoid moieties in other structures®, thus suggesting that the photoemission
from 2 is linker based.  Structure 2 exhibits Stokes shift of ~ 40 nm, which is smaller than the
~ 80 nm exhibited by H,L. powder. The Stokes shift is attributed to non-radiative relaxation
pathway(s) in the structures upon UV excitation. A significant contributing factor to the

non-radiative relaxation pathways is the electronic interactions among ligand units. In various

reported structures containing the multiple units of L that are arranged in close proximity,
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face-to-face (co-facial) electronic interactions between the units are known to depend on
separation distances and angles between the aromatic ring planes, and the offset of their centers.
For structure 2, the distance between aromatic rings in the nearest neighbouring ligand moieties
measures ~ 6 A, and is edge-to-edge (Figure 1) rather than co-facial. This distance is within the
range where inter-chromophore 7-7 interactions can be substantial®®, however, the ring centroids
are observed to be significantly offset among closest neighbouring ligands, and any inter-ligand
interactions are therefore considered to be of an intermediate non-cofacial nature. This is
different from the arrangement of L in powdered H,L, in which the ligand assumes a
herringbone packing arrangement that is quite conducive to significant co-facial arrangement and
inter-chromophore n-n interactions. The Stokes shift for 2 was therefore expected and found to
be smaller than observed in H,L.

Of note also, is that peaks in the photoemission spectrum for 2 (Figure 4a) lies between
those of the two reference substances; i.e., red shifted relative to that of the free ligand (from
Na,L in solution, ESI Figure S8), and blue shifted relative to that of powdered H,L (Figure 4b).
The red shift is attributed to the presence of intermediate inter-ligand interactions of a
non-cofacial nature in the MOF structure compare to the absence of such interactions among the
free ligand units in solution. The blue shift observed for 2 relative to powdered H,L, is
attributed to the larger separation of the ligands in 2, and hence a corresponding reduction in the
extent of any inter-ligand interactions among the ligand units.*® This is quite similar to
observations reported for Zn stilbene MOFs.%” Another possibility is that the ligand is rigidified
in the MOF structure, hence trans-cis isomerization is postulated to be suppressed and
non-radiative energy loss that would be associated with this geometric change is reduced
compared to the ligand in the powdered form. This is also similarly observed in Zn-stilbene
MOFs®’ and other structures with locked stilbene moieties.*'**

Luminescence spectral features from the lanthanide ions were not detected in the visible
region (for Tm®") and was not measured in the near infrared region (for Tm* and Er*") which is
beyond the range of our standard fluorimeter. It is speculated however that photoemissions of
these metals ions from direct excitation would be weak or non existent due to their low molar
absorption  coefficient (typically lower that 10 L mol' cm™). Further,
trans-stilbenedicarboxylate, like most organic ligands, are poor sensitizers of these lanthanide

ions, for two main reasons; (i) the low molar absorption coefficients of these metal ions, and (ii)
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the very small energy gaps between the first excited state and fundamental level of the metal ions
are easily matched by C-H, C=C and O-H vibrations of the ligand, which provide suitable
non-radiative channels.** We speculate therefore that these lanthanide metal ions have no
effect on the photoluminencence and radioluminescence behavior of the structures 1 and 2.

The local environment of the stilbenoid units in the crystals was further probed by time
resolved photolumenescence measurements. Emission decay curves for 2 is presented along
with HpL in Figure 5. The decay curves were fitted by a biexponential function that
corresponds to two different emissive rates and the associated photoluminescence decay

lifetimes (ESI Table S16).

0.4 =

0.01 A

Normalized Counts (a.u.)

0.001 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Time (ns)
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Figure 5. Time-resolved emission decay curves of (a) 2 (excited at 440 nm) and (b)
H,L (excited at 460 nm).

Among the two emisive rates, the short-lived fast component with lifetime, 1, is attributed
to emission from monomer stillbenoid units, whereas, a longer-lived component with lifetime 1,
is attributed to emission from stillbenoid moieties that are involved in coupling interactions, as
similarly observed for stilbene dimers.* For 2, 7y with a value of 0.4 ns is also observed to be
the major component of the lifetime decay. This is within the range observed for Zn (0.2 ns)
and other transition metal-stilbenoid based MOFs’®, though lower than the value of 0.76 ns we
observed for H,L. powder. Further, the higher percentage contribution of 7;1n 2 (a; = 89 %) in
comparison to that of H,L. powder (a; = 74 %) is postulated to be attributed to larger
predominance of isolated weakly or non-interacting monomeric stilbenoid units in the structure
of 2 compared to the H,L.. The radiative lifetime (t) of trans-stilbene in solution at room
temperature can be reduced to below < 0.1 ns due to trans-cis isomerization.** Thus the larger
value for 1, observed for 2 compared to the reported value for trans-stilbene in solution, is also

consistent with emission from isolated monomeric stilbenoid units that are locked in fixed and

55K


http://dx.doi.org/10.1039/c6dt03755k

Page 17 of 26 Dalton Transactions
View Article Online
DOI: 10.1039/C6DT03755K

semi-regid configuration within the MOF structure, as their trans—cis isomerization activity is
suppressed.

Structure 2 shows a second component lifetime, 1, that is similar to that observed for
H,L powder, suggesting the presence of interchromophore interactions within this large pore
structure. However, the lower percentage (o; = 11 %) of 1, contribution in 2 compared to HyL
powder (o = 32 %) is attributed to less through-space interchromophore interactions among the
stilbene units, hence a reduction in the extent of the associated non-radiative relaxation pathways
in 2. The photoluminescence behaviour of 2 is consistent with that found by Bauer et al in

Zn-stilbene MOFs® and by Bazan and coworkers for paracycophane-based stilbene dimers.*’

Radioluminescence

Unlike photoluminescence, which involves electronic transitions between non-ionized
excited states and ground states, radioluminesence (scintillation) is the emission of radiation after
a material absorbs radiation with energy generally > 10 eV that leads to m-electron ionization
(In).** The ionization is followed by ion recombination (the recombining of secondary electrons
with their parent electrons) that populates available singlet S, and triplet T, states, and further
non-radiative thermal deactivation to the lowest vibrational level of the first excited state S;
before relaxation to lower electronic levels with an accompanying emission of radiation.*

Ionization can lead to significant changes in the electronic and molecular structure of material.

Published on 07 December 2016. Downloaded by University of Liverpool on 13/12/2016 08:40:32.

In this work, two types ionizing radiation were investigated. One was a high energy (2.5 MeV)
proton beam from an ion microprobe, as this is known to simulate the production of recoil
protons by elastic scattering of fast neutrons within an organic scintillator.'® Proton ion beam
induced luminescence (IBIL) spectroscopy was therefore used to assess the radioluminescence
spectral profile of structures 2 and H,L.. For the second, y radiation with time correlated single
photon counting (TCSPC) was used to investigate radioluminescence decay behavior and
determine lifetimes.

IBIL: 1BIL spectroscopy was used to probe the radio-luminescence characteristics of 2
and H,L under a 2.5 MeV ionizing proton beam at a current density of 12000 nA/cm”. The
IBIL emission profiles are presented along with the corresponding photoluminescence spectra
for 2 and H,L in Figures 4a and 4b. A broad featureless emission peak is observed in the IBIL
spectrum of both 2 and H,L with Ay visible around 450 and 475 nm, respectively. The
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existence of the IBIL spectrum validates that L, as a component of the MOF structure, remains
radioluminescent. The similarity in the spectral profile of 2 compared to that of H,L. shows that
the radioluminescence from 2 is a product of the MOF crystal only, and not from any impurities
from synthesis or radiation damage.

According to the proposed mechanism of radioluminescence in organic scintillators,
triplet excitons that are created by the ionizing radiation, combine to form additional singlets
(triplet - triplet annihilation, TA). These singlets then follow similar relaxation pathways as the
original singlets and also similar to those in photoluminescence, but with delayed timing. The
photoluminescence and radioluminescence emission spectra should therefore overlap.”® For 2
however, a red shift of about 70 nm between the photoluminescence A, and the IBIL Ayax was
observed. This is close to the red shift value of about 80 nm that was observed for HoL. It
suggests that the relaxation pathway described above was not strictly observed, and that small
changes may have occurred in both structures on exposure to the ionizing radiation. Such
changes could possibly be a distortion of the chromophore environment, resulting in a shortening
of inter-ligand distances and an increase in inter-chromophore interactions, as was similarly
observed for Zn-stilbene based MOF.!  Partial rotation activity around the C=C bond of the L in
the structures on exposure to the radiation is also a possibility. The IBIL spectrum of 2 was
otherwise, comparable to its photoluminescence spectra, indicative of minimal structural damage
upon exposure to the ionizing proton beam. It is notable also, that as a result of the significant
Stokes shift there was only a relatively small excitation-emission spectral overlap and this is
considered to be favorable for the use of the material as a scintillator, in that self-absorption can
be minimized by the presence of this shift.'®

The Stokes shift between the excitation and IBIL spectra of 2 is less than the 84 nm
observed in its open and interpenetrating 3-D Zn stilbene MOF counterpart which contains pores
of much smaller dimensions.'”® This suggests comparatively less adjustment and
inter-chromophore interactions in the structure of 2 on exposure to ionizing radiation. The IBIL
spectra were also compared with those reported for other open framework MOFs with rigid
radioluminescent linkers and with pore dimensions smaller than structure 2, namely,
Zn-IRMOF-10  (containing  biphenyldicarboxylate, = BPDC), IRMOF-8 (containing
2,6-naphthalenedicarboxylate, NDC), Zn-DUT-6 (containing NDC/benzene
1,3,5-tribenzoate-BTB), Zn-IRMOF-8 (containing NDC), Zn-NOTT-103 (containing

55K
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5,5’-(naphthalene-2,6-diyl)diisophthalate, DPNTC) and Zn-PCN-14 (5,5-
(anthracene-9,10-diyl)diidophthalate, DPATC).lb Stokes shifts ranging from 11 nm (DUT-6) to
65 nm (IRMOF-8) were observed, which is comparable to that for structure 2. However,
significant differences in their IBIL spectral features in comparison to their photoluminescence
spectra indicate structural changes.

Radioluminescence lifetime: Radioluminescence lifetimes were also investigated for 2
and H,L. The samples were irradiated with y radiation from a *’Cs source. The time resolved
radioluminescence logarithmic - scaled curves are plotted in Figure 6. Exponential and non -

exponential time components were observed in the decay curves for 2 and H,L. The

exponential component is attributed to prompt scintillation, which has lifetime, (Ts prompt), and is
expected to be equivalent to the photoluminescent lifetime, (Tg). The longer non-exponential
component is ascribed to delayed scintillation (Ts delayed), that is associated with triplet-triplet
annihilation, and is not observed in photoluminescence.47 Structure 2 exhibit a T promp: value of

1.2 ns which, is within an order of magnitude of the Tr value of 0.4 ns (ESI Table S16). The T

prompt Value 1s lower than the 2.0 ns observed for H,L. However, the higher percentage of
prompt scintillation (89 %) for 2 compared to that of H,L (68 %) is consistent with the presence
of separated and rigidified stilbenoid units within the MOF structure. By comparison, reported
time resolved radioluminescence decay data shows that Zn-IRMOF-8 (NDC), Zn-NOTT-103
and Zn-DUT-6 exhibit fast T promp: Tanging from 8-15 ns and 3 ns for Zn-PCN-14, which are

Published on 07 December 2016. Downloaded by University of Liverpool on 13/12/2016 08:40:32.

consistent with the isolation of the linkers in the structures, similar to the ligands in dilute
solution.'®  Structure 2 therefore shows a fast component lifetime than is shorter than these
MOF structures but higher than the free stilbene ligand in dilute solution.

Of note also is that the delayed scintillation feature is present in 2 with a Ts gelayed Value of
10 ns, and likewise for H,L. The delayed scintillation which is ascribed to the TA event, is
considered an important feature that can be exploited for radiation detection applications to
discriminate among radiation from subatomic particles. The technique removes signals from
background y-rays that will occur in organic scintillators used for fast neutrons detection. The
delayed luminescence is known to depend on the rate of TA and the lifetime of the triplet excited
state, and therefore minimization of other non- radiative deactivation pathway(s) are necessary to

increase the relative amount of TA events relative to prompt emission. Though the percentage
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delayed scintillation was not quantified, we are postulating, based on the radioluminescence

behavior observed for 2, that spatially separating and rigidifying the stilbenoid units in the MOF

structure can lead to enhancement in the amount of delayed luminescence from the ligand, as

non-radiative deactivation pathways are minimized and triplet to singlet conversions are

facilitated.
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Figure 6. Time-resolved radioluminescence decay curves for (a) 2 and (b) H,L.
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Conclusion

Two isostructural non-interpenetrating 3-D MOFs with ultra large pores are synthesized
from the combination of trans- stilbenedicarboxylate and lanthanide metals ions (Tm®" and Er’").
The rigidification of the ligand limits its ability to undergo trans-cis isomerization. The isolation
of the stilbene units and the absence of interpenetration in this large pore, low density structure
limit the ligand’s ability to participate in co-facial n-m interactions, thus minimizing any
associated non-radiative relaxation pathways. Consequently, the structure exhibits ligand-based
photoluminescence with increased lifetime compared to the free stilbene molecules, and also
exhibit scintillation behavior which is comprised of both prompt and delayed radioluminescence

features.
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Graphical abstract

Mesoporous non-interpenetrating stilbene-based lanthanide metal organic framework exhibits
photo and radioluminescence behavior.
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