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Abstract: Applications of metal—organic frameworks (MOFs) require close correlation between their structure
and function. We describe the preparation and characterization of two zinc MOFs based on a flexible and
emissive linker molecule, stilbene, which retains its luminescence within these solid materials. Reaction of
trans-4,4'-stilbene dicarboxylic acid and zinc nitrate in N,N-dimethylformamide (DMF) yielded a dense 2-D
network, 1, featuring zinc in both octahedral and tetrahedral coordination environments connected by trans-
stilbene links. Similar reaction in N,N-diethylformamide (DEF) at higher temperatures resulted in a porous,
3-D framework structure, 2. This framework consists of two interpenetrating cubic lattices, each featuring
basic zinc carboxylate vertices joined by trans-stilbene, analogous to the isoreticular MOF (IRMOF) series.
We demonstrate that the optical properties of both 1 and 2 correlate with the local ligand environments
observed in the crystal structures. Steady-state and time-resolved spectroscopic measurements reveal
that the stilbene linkers in the dense structure 1 exhibit a small degree of interchromophore coupling. In
contrast, the stilbenoid units in 2 display very little interaction in this low-density 3-D framework, with excitation
and emission spectra characteristic of monomeric stilbenes, similar to the dicarboxylic acid in dilute solution.
In both cases, the rigidity of the stilbene linker increases upon coordination to the inorganic units through
inhibition of torsion about the central ethylene bond, resulting in luminescent crystals with increased emission
lifetimes compared to solutions of trans-stilbene. The emission spectrum of 2 is found to depend on the
nature of the incorporated solvent molecules, suggesting use of this or related materials in sensor
applications.

Introduction rigidity, high porosity, and well-defined architectures.These

s propemes are desirable for a variety of applications, and the
se of MOFs for gas storadédrug delivery? separation$?-12

and catalysi 14 is currently being explored. The structural

tstablhty of MOFs results from strong metdigand coordina-

tion, which can afford some degree of predictability to the

framework geometry and leads toward rational methods of

crystal engineering. This has been utilized as a strategy to

engineer noncentrosymmetric crystals for nonlinear optics

Understanding and predicting the photophysical propertie
of chromophores in the solid state is important for an increasmg
number of organic materials applications, where control over
the spatial interactions of chromophores represents a significan
challengel—3 The geometry of a molecular assembly is often
difficult to predict due to the large number of intermolecular
forces that can influence the packing of molecules in a crystal.
Metal—organic frameworks (MOFs) are a class of crystalline
coordination polymers with the potential to control these (4) Rowsell, J. L. C.; Yaghi, O. Micropor. Mesopor. Mater2004 73, 3—14.
interactions through appropriate choice of the constituent metal §2§ iﬁg‘;‘;‘ovg Js' CQS;E}; °F§ ; Eé‘r'é°%lgi”ﬁ°8§eﬁ?8|§2§%o4 43,2334~
and ligand units. MOFs consist of metal ions or clusters
connected by organic linker groups, which can lead to structura

2375.

| (7) Rowsell, J. L. C.; Yaghi, O. MJ. Am. Chem. SoQ006 128 1304-
1315.

(8) Millward, A. R.; Yaghi, O. M.J. Am. Chem. SoQ005 127, 17998

TNanoscaIe Science and Technology Department, Sandia National ©) 1H7o$22jada P.: Serre, C.; Vallet-Regi, M.. Seban, M.; Taulelle, F.; Ferey
La?%?‘torf'fs.a. Department. Sandia National Laboratori G. Angew. Chem., Int. E®006 45, 5974-5978.
) icrotiuidics Department, sandia National Laboratories. (10) Lee, E. Y.; Suh, M. PAngew. Chem., Int. E004 43, 2798-2801.
Combustion Research Facility, Sandia National Laboratories. (11) Kitaura, R.; Fujimoto, K.; Noro, S.-I.; Kondo, M.; Kitagawa, Sngew.
8 New Mexico Highlands University. Chem., Int. Ed2002 41, 133-135.
(1) Gierschner, J.; Mack, H. G.; Oelkrug, D.; Waldner, |.; Rau,JHPhys. (12) Chen, B. L.; Liang, C. D.; Yang, J.; Contreras, D. S.; Clancy, Y. L.;
Chem. A2004 108 257—-263. Lobkovsky, E. B.; Yaghi, O. M.; Dai, SAngew. Chem., Int. EQ00§ 45,
(2) Bazan, G. C.; Oldham, W. J.; Lachicotte, R. J.; Tretiak, S.; Chernyak, V.; 1390-1393.
Mukamel, S.J. Am. Chem. S0d.998 120, 9188-9204. (13) Seo, J. S.; Whang, D.; Lee, H.; Jun, S. I; Oh, J.; Jeon, Y. J.; Kim, K.
(3) Shukla, A. D.; Strawser, D.; Lucassen, A. C. B.; Freeman, D.; Cohen, H.; Nature 200Q 404, 982—-986.
Jose, D. A,; Das, A.; Evmenenko, G.; Dutta, P.; van der Boom, M. E. (14) Wu, C. D.; Hu, A.; Zhang, L.; Lin, W. BJ. Am. Chem. So2005 127,
Phys. Chem. BR004 108 17505-17511. 8940-8941.
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(NLO) application$® and asymmetric catalyslé for example,
and led us to postulate that MOFs could offer predictable, well-
defined environments for chromophores in solid-state materials.
Despite the large number of MOF materials described in the
literature, however, reports of luminescent MOFs are scarce,
especially those that display ligand-based emis3iéi’ The
majority of materials in this class exhibit metal ion-centered

ethylene unit into therans configuration by ring closuré?34
Incorporation of stilbene as the linker into a MOF lattice could
potentially suppress this isomerization by fixing the ligand
configuration through rigid coordination, affording a material
with increased QY and brightness. Second, the low density and
regularity of MOFs allows for well-defined interactions between
linkers within the framework and with their environment,

luminescence due to the incorporation of lanthanide elementswhich may be investigated spectroscopically by suitable

into their framework®-20 One potential advantage for the use

of ligand-based emission in MOFs is that it should readily be
tunable through variation of the nature of the linker and/or the
structure of the framework. Additionally, calculations regarding
the electronic structure of prototypical porous 3-D MOFs have

choice of ligand chromophore. Stilbene excimer luminescence
has been used for sensitive detection of NAnd antibody
binding event$2 We are, therefore, interested in probing
structural- and guest-dependent luminescence of stilbene-based
MOF materials as model systems and for their potential sensing

suggested that the bandgaps of these materials can be alteredapabilities.

by changing the degree of conjugation in the liggh&uch
factors may prove important for the practical application of these
materials.

It is well-established that different crystal structures can result
from the same starting materials under different synthetic
conditions36:37 For example, the use of Zn(NJR-xH,0 and 1,4-

In this paper, we describe a ligand-based approach to thebenzene dicarboxylic acid can yield a variety of MOF structures

synthesis of new luminescent MOF compounds. Zinc-based

by varying reaction conditions. These can differ in connectivity

MOF motifs are used to prepare two new extended structuresand porosity depending on the nature of the secondary building

that differ in dimensionality but feature rigid metdlgand
coordination geometries that provide support for a luminescent
linker with an inherent degree of flexibilityrans4,4-stilbene
dicarboxylic acid (LH; linker unit L). Stilbene has a range of

unit (SBU), forming networks with di- and trinuclear cluster
SBUs, and 3-D cubic frameworks with tetranuclear SBUs.
With this in mind, we sought to form two different zinc-stilbene
MOFs, allowing for the study of their luminescence in both

technologically important uses. For example, it is an important 2-D and 3-D extended structures. We report here the synthesis,
component in solid-state scintillating materials, as its lumines- structure, and luminescent properties of these MOFs, along with
cence can be used to discriminate neutron and gamma-raytheir optical response to the exchange of solvent guest mol-
radiation?? Additionally, stilbenes are commonly employed as ecules. These results show that coordination to the metal clusters
a backbone motif in organic NLO materi&is®> and may be in the frameworks imposes structural rigidity on the stilbene
considered the fundamental unit of the electro- and photo- moieties, leading to longer luminescence lifetimes and presum-
luminescent conjugated polymer, pgiyéhenylenevinylene)  ably increased QY; this is similar for both structures although
(PPV)26-28 a variation in porosity and interchromophore coupling is
Our interest in stilbene-based MOFs is 2-fold: first, stilbenes observed between the 2-D and 3-D structures. In addition,
can undergo a light-inducedans—cis isomerization, a nonra-  reversible, guest-dependent luminescence suggests that our
diative decay pathway that significantly decreases the photo-approach may allow for the design of high-efficiency chro-
luminescence quantum yield (Q¥).However, the QY can mophore assemblies with optical properties suitable for sensing
theoretically approach 100% when this mechanism is sup- applications.
pressed. Various efforts have been made to rigidify stilbenes,
such as increasing media viscosi®yjincorporation into zeolite
pores3! binding to antibodieg? or synthetically locking the

Results and Discussion

Structure and Characterization. Yellow, needle-like crys-
tals resulted from solvothermal reaction of Zn(j£6H,O and
LH> in N,N-dimethylformamide (DMF) at 70C for 16 h and
then 85°C for 4 h. Their formula and structure were determined
via single-crystal X-ray diffraction and elemental analysis to
be ZnyL 3(DMF),, 1; these were obtained phase-pure, as indicated
by powder X-ray diffraction (PXRD).1 is two-periodic,
consisting of hexagonal networks composed of trinuclear Zn
(RCOy)s SBUs connected by the orgarians4,4-stilbene links
(Figure 1a). Figure 1b shows that the SBU contains a linear
array of three zinc atoms lying on a 3-fold axis; the central

(15) Evans, O. R.; Lin, W. BAcc. Chem. Re®002 35, 511-522.

(16) Lee, E. Y.; Jang, S. Y.; Suh, M. B. Am. Chem. So@005 127, 6374~
6381.

(17) Wang, X. L.; Chao, Q.; Wang, E. B.; Lin, X.; Su, Z. M.; Hu, C. YAhgew.
Chem., Int. Ed2004 43, 5036-5040.

(18) Chandler, B. D.; Cramb, D. T.; Shimizu, G. K. H.Am. Chem. So@006
32, 10403-10412.

(19) de Lill, D. T.; Gunning, N. S.; Cahill, C. Unorg. Chem2005 44, 258—
266.

(20) Wang, Z.; Jin, C. M.; Shao, T.; Li, Y. Z.; Zhang, K. L.; Zhang, H. T.;
You, X. Z. Inorg. Chem. Commur2002 5, 642—-648.

(21) Civalleri, B.; Napoli, F.; Noel, Y.; Roetti, C.; Dovesi, RrystEngComm
2006 8, 364-371.

(22) Kaschuck, Y.; Esposito, BNucl. Instrum. Methods Phys. R&Q05 551,
420-428.

(23) Zojer, E.; Beljonne, D.; Kogej, T.; Vogel, H.; Marder, S. R.; Perry, J. W.;
Bredas, J. LJ. Chem. Phys2002 116, 3646-3658.

(24) zhu, L. Y.; Yi, Y. P,; Shuai, Z. G.; Bredas, J. L.; Beljonne, D.; Zojer, E.
J. Chem. Phys2006 125 044101.

(25) Albota, M. et al.Sciencel998 281, 1653-1656.

(26) Cornil, J.; dos Santos, D. A.; Crispin, X.; Silbey, R.; Bredas, J.lAm.
Chem. Soc1998 120, 1289-1299.

(27) Cacialli, F.; Chuah, B. S.; Kim, J. S.; dos Santos, D. A.; Friend, R. H,;
Moratti, S. C.; Holmes, A. B.; Bredas, J. Bynth. Met1999 102, 924—
925.

(28) Meier, H.Angew. Chem., Int. EA.992 31, 1399-1420.

(29) Saltiel, J.J. Am. Chem. S0d.967, 89, 1036-1037.

(30) Waldeck, D. HChem. Re. 1991, 91, 415-436.

(31) Ramamurthy, V.; Caspar, J. V.; Corbin, D. R.; Eaton, Dl.FRhotochem.
Photobiol. A199Q 51, 259-263.

(32) Simeonov, A.; Matsushita, M.; Juban, E. A.; Thompson, E. H. Z.; Hoffman,
T. Z.; Beuscher, A. E.; Taylor, M. J.; Wirsching, P.; Rettig, W.; McCusker,
J. K.; Stevens, R. C.; Millar, D. P.; Schultz, P. G.; Lerner, R. A.; Janda, K.
D. Science200Q 290, 307—-313.

(33) Oelgemoller, M.; Brem, B.; Frank, R.; Schneider, S.; Lenoir, D.; Hertkorn,
N.; Origane, Y.; Lemmen, P.; Lex, J.; Inoue, ¥. Chem. Soc., Perkin
Trans. 22002 1760-1771.

(34) Saltiel, J.; Marinari, A.; Chang, D. W. L.; Mitchener, J. C.; Megarity, E.
D. J. Am. Chem. Sod.979 101, 2982-2996.

(35) Letsinger, R. L.; Wu, T. FJ. Am. Chem. S0d.995 117, 7323-7328.

(36) Halper, S. R.; Do, L.; Stork, J. R.; Cohen, S. MAm. Chem. So2006
128 15255-15268.

(37) Eddaoudi, M.; Li, H. L.; Yaghi, O. MJ. Am. Chem. So200Q 122 1391~
1397.
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(e)

Figure 1. (a)trans4,4-Stilbenedicarboxylate linker, L. (b) View of X-ray crystal structurelgparallel to thec-axis, showing Zg{RCGO;)s(DMF), SBU

along with C(4) atoms of stilbene rings. Only one orientation of disordered DMF is st@y#n coordination polyhedron is yellowy polyhedra are green.

(c) View of 1 looking down onto this SBU, showing the hexagonal pinwheel connections between adjacent SBUs made by the linker units. (d) Space-filling
model of1 looking downc, showing the 2-D network formed. (e) Space-filling model of a single laydrlobking downb, showing terminally Zn atoms

capped by disordered DMF molecules above and below the layer, with the Zn-L network extendinglrplaee.

zinc atom rests on a crystallographic inversion center. The afforded colorless, prism-like crystals. Single-crystal XRD
overall symmetry of the SBU i, so that the carboxylate reveals these to have a porous 3-D framework structire,
groups bridge the zinc atoms in a nonplasgnskew fashion consisting of two interpenetrated networks with formula unit
(cissO—Zn—0 angles deviate only slightly from 9) allowing Zn,0OL3, which exhibit a distorted primitive cubic topology with
the stilbene linker to remain planar (torsion angles between elementary cage sizz~ b ~ ¢~ 19.4 A ando ~ 8 ~ 90,y
phenyl rings <2°). The central zinc atom has octahedral ~ 77° (Figure 2). Growth of these crystals requires temperatures
coordination, while the terminal zincs are tetrahedral; their apical above 100°C to yield phase-pure materials, otherwise traces
sites are occupied by O atoms of monodentate DMF molecules,of other unidentified phases (possibly includitjeare observed
which themselves exhibit disorder over three possible orienta- in the PXRD patterns. Howeve2 was never observed by PXRD
tions relative to the 3-fold axis. The Z®O bonds of the central  as a byproduct of thé syntheses described above.
hexacoordinated zinc atom are evidently longer than those of Egch of the frameworks in the structure 2fs constructed
the tetracoordinated zinc atoms; moreover, the-@(DMF) from basic zinc carboxylate units ZB(RCQy)s as the SBUSs,
bond length lies between the Z® bond lengths for tetra- and  hich are bridged by the orgarti@ns4,4-stilbene links. Figure
hexacoordinated zinc atoms. The-Z@n separation of 3.515 A 23 shows this SBU is a cluster with tetrahedral local coordination
does not indicate any significant direct interaction between the gpout each zinc atom; the carboxylate C atoms of each cluster
metal atoms; this distance is constrained by the bridging serve as points-of-extension that define the vertices of an
geometry. octahedron. The stilbene units are essentially planar, if slightly
The SBUs are connected by linker units in a hexagonal more distorted than if (torsion angles between phenyl rings
pinwheel geometry, affording a 2-D, layered arrangement <ge) Although the positions of the framework atoms were
(Figure 1c and 1d) with disordered DMF filling space above determined accurately, the free guest chloroform and DMF
and below the layer units (Figure 1e). Individual layers stack molecules filling the pores were not located due to the highly
together with a cubicABCABC motif, resulting in a dense  porous nature o2 and the disorder problems usually encoun-
structure ¢ = 1.52 g/cnd) without significant overall porosity  tered in this type of structure. Despite being interpenetrated,
(i.e., triangular pores visible in Figure 1d are, in fact, partially the structure of contains large cavities; in particular, there
occupied by the packing of additional layers)s isostructural are 17.1x 17.1 A channels in the [010] projection, as shown
with a recently reported Co-stilbene MOF, also prepared in iy Figure 2c. Moreover, in the overall crystal structure2of

DMF'?s ) _ o there exist no specific interactions between the two interpen-
Variation of the solvothermal synthesisbbubstitutingN, N etrated frameworks, so the maximum internal pore size can be
diethylformamide (DEF) as the solvent at 108 for 16 h represented as a sphere with diameter 16.5 A, where this

(38) Park, G.. Kim, H.. Lee, G. H.; Park, S.-K.; Kim, 1&ull. Korean Chem diameter is equal to the distance of separation between the van
S0c.2006 27, 443-446. der Waals surfaces of the frameworks.
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o

(b)

LT

(c)

Figure 2. X-ray crystal structure o2, showing cubic framework of Z(RCQ)s SBUs connected biransstilbene linkers and gre€fy Zn coordination
polyhedra (a), and (b) a space-filling model showing interpenetrated, porous lattice of two distinct cubic nets (light and dark green Zn atdivslyjespe
The pores extend through the crystal, as shown for the [010] projection in part c.

This framework structure is analogous to the so-called
IRMOF series, all of which are three-periodic, cubic-type
structures with ZEO(RCQy)s SBUSs. Interestingly, the synthesis
of 2 required conditions similar to those reported by Yaghi and
co-workers to favor construction of this particular SBU, a
compelling illustration that chemical control may be used to
give materials with tunable properties, but similar topologi€s.

Crystals ofl are air-stable and maintain their structure after
evacuation at 100C, as determined by PXRD (see Supporting
Information) and elemental analysis. Thermogravimetric analysis
(TGA) indicates loss of 2 equiv of DMF{13 wt %) above
250°C, followed by full decomposition at higher temperature,
as shown in Figure 3a. Unfortunately, attempted removal of
coordinated DMF from crystals df by evacuation at 250C

100

90

80

70

60

% Mass loss

50

40

0 1 1 L L 1
0 100 200 300 400 500 600

in an effort to generate a structure with unsaturated zinc centers

gave substantial decomposition.
Crystals of2 contain incorporated guest solvent molecules

Temperature (C)
Figure 3. Thermogravimetric analysis (TGA) data far(black circles)

that can be exchanged, although extended evacuation results ighd 2 (red diamonds). For the 2-D MOFS)( mass loss of strongly

an irreversible structural change and significant loss of crystal-
linity (determined by PXRD, see Supporting Information).

Similar behavior has been found previously for a zinc MOF
with a comparable, interpenetrated structure (IRMOF-9, linker
= 4,4-biphenyl dicarboxylate); this has been attributed to a

(39) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.;
Yaghi, O. M. Science2002 295 469-472.

coordinated DMF occurs (13%, see arrow), followed by steady decomposi-
tion which continues until 520C. For the 3-D MOFsZ2), initial mass loss
from solvent incorporated into the pores is evident until approximately 200
°C (15%, approximately 1 equiv of DMF and 1 equiv of CHCfollowed

by a plateau after which a relatively sharp decomposition occurs at 400

wéakening of the interactions between interpenetrated units
when the ligand is relatively long and flexible, and the
misalignment of these units upon solvent remdvalimines-

J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007 7139
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1
2
cence studies foR (see below) suggest that, in the solvated 08 |
structure, no significant interaction occurs between the stilbene *E § i
units of the interpenetrated frameworks, and, thus, the lack of ; 06 | Do e
substantial cohesive forces between these units results in a g .l R
similar structural collapse after solvent loss. Although inter- s | / sy Y
penetration decreases the pore size compared to a fully open < o2} . h
structure, the calculated solvent accessible portion accounts for J_-' '—_‘ k
76.2% of the crystal volume, with a pore diameter of 16.5 A %00 350 400 450 500 550
and density 0.50 g/ctn(respective values for IRMOF-9 are Wavelength (nm)

74.7%, 14.5 A and 0.66 g/ cn*® TGA data shown in Figure Figure 5. Normalized excitation (red circles) and emission (blue squares)
3b reveal that, after mass loss from incorporated solvent in the spectra for LH (as a powder sample, top), (middle), and2 (bottom).

pores (15 wt %), 2 is thermally stable up to 416C before Spectra ofl and2 were obtained for individual crystals soaked in CEICI
' Aex =350 nm for LK and1, 325 nm for2. Emission maxima for the first

the onset of further mass loss. three vibronic bands are indicated. Excitation spectra were detected at 450
Crystals ofl display no significant surface area through gas nm.

sorption measurements, as expected due to their high density . . .
and the pore occlusion evident in their crystal structure. In  Photoluminescence Studie<Crystals ofl and2 contain the

contrast, surface area measurements Zaxhibit a Type | same linker in two different, well-defined geometries, allowing
sorption isotherm (indicative of homogeneous micropores) with for @ comparative study of their photoluminescence and its
a Langmuir surface area of 58Cy. This value is lower than ~ Interpretation with regard to the local linker environment within
typical for comparable MOF structures (commonly 16@300 each structure. Both appear very bright to the eye upon
m2/g)73? presumably due to the structural change upon evacu- illumination with UV light but differ in color. Crystals of are
ation resulting in a partial collapse of the framework; however, Yellow in color and produce blue emission, while crystal2of -
this indicates that the evacuated structure still retains some@'€ colorless, with purple/blue emission, consistent with their
porosity. The adsorption/desorption profile displays significant Structural differences as outlined below. Figure 5 shows
hysteresis (see Figure 4), suggesting that there may also be §omb|ne_d excitation/emission spectra of crystallihend 2
structural alteration during measurement, possibly due to a S0aked in chloroform, compared to a powder sampleafs-
change in interaction between the catenated units and/or the’4-stilbene dicarboxylic acid (L) precursor. The emission
linker exhibiting flexibility (e.g., about the double bond) under SPectrum o in the solid is nearly identical in position to dilute
these conditions. Recently, MOFs containing a similar linker Solutions of Lk in DMSO/H,O (100:1 v/v) (see Supporting

(trans4,4-bis(4-pyridyl)ethene) have been shown to display 'Nformation), suggesting little contribution from the &n
anomalous sorption behavior due to dynamic shape changesF|USterS to the emission; th.e red-_shlft ob§erved for these species
which can also be induced by variation of incorporated guest comMpared tdransstilbene itseff® is consistent with the small
molecules® Dynamic structural changes in the framework may INcrease in conjugation due to the carboxylate units.

be desirable for advanced applications, such as combined sensing The differences observed in the electronic spectra fand

and separation. For example, MOFs with similar interpenetrated 2 lIkeély have their origins in a number of factors, including the

structures have been reported to undergo structural changes thdPc@l coordination environment of the ligand and the steric
allow for size- and shape-matching of guests and their use in proximity of ligands to each other and to other species present
GC separations of alkané in the unit cell. The zinc cluster types Irand2 may potentially

exert disparate influences on the local electronic structure of
(40) Chen, B.: Ma, S.: Zapata, F.. Lobkovsky, E. B.; Yanginirg. Chem. the linker unit (for example, the clusters may differ in Lewis
2006 45, 5718-5720. o acidity). However, studies of related MOFs suggest that the
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direct electronic influence of this cluster type is likely to be derivatives®® as discussed in more detail below. The local site
small. The excitation spectrum of IRMOF-1 is reported to be symmetry of the ligand in each structure is likely to have a
very similar to that of powdered 1,4-benzene dicarboxylic acid significant influence on the relative intensities of the vibronic
disodium salt; that is, the Z® clusters in the framework do  bands evidemt! however a detailed interpretation of the
not perturb the electronic structure of the linker significaidtly.  differences observed betwegmand?2 in this context is beyond
Theoretical studies of this MOF indicate that the highest the scope of the current study. We note, however, that the
occupied valence levels are dominated fpprbitals of the relative ratios of the vibronic peaks were found to vary between
aromatic carbon atoms with a small contribution from the samples ofl yet remained nearly identical among many different
carboxylate atom& additionally, related studies suggest that crystals of2.

the band gap in IRMOF-1 remains unchanged when the Zn atom  The fine structure displayed in solid-state electronic spectra
is replaced by Be, Mg, Ca, or ClVery recently, 2-D cadmium  of conjugated organic molecules has received a great deal of
MOFs containing the fluorophore 5-sulfosalicylic acid (SSA) attention, as analysis can reveal information about the interac-
were found to display intense ligand-based emission with a small tjions petween chromophore units and chromophore rigidity,
red-shift observed between solid samples of the free ligand andy|ong with variations in the environmental geomefy8 The

the complex (388 nm vs 394 nm); DFT MO calculations suggest intensity of the lowest energy emission peak (1) is sensitive

that this bathochromic shift is gue to deprotonation @8BA g the degree of interchromophore coupling, decreasing signifi-
and not coordination to Cd.** We have found that the  cantly upon chromophore aggregation. Cofacial arrangements
differences observed between dilute solutions of; ladd its <4 A apart typically show strong intermolecular couplirig

disodium salt (8 nm red-shift in emission for Ma see 7—am overlap?® resulting in substantial loss of electronic fine
Supporting Information) are small in comparison to the differ- girycture. Non-cofacial chromophore assemblies and/or those
ences observed between the electronic spectizaoti2 (=30 further apart in space (ca A to 8 A) canshow an intermediate
nm difference in emission). _ degree of coupling, the details of which depend significantly
Furthermore, two 2-D zinc MOFs based on norfloxacin are o the geometry of the arrangement. Trap emission in solid PPV
reported to exhibit ligand-based emission; they have similar fjjms has been attributed to the creation of stilbenoid dimers,
coordination environments (both octahedra¥Zhound to two which form excimers that give a red-shifted, structureless
carboxylate ligands), but a significant blue-shift in emission (420 mission band with a radiative lifetime significantly longer than
nm vs 440 nm) is observed for the lower-density structure or the individual chromophor&The vibronic structure in the
compared to the higher-density material and the powdered ligandemission spectra of both and 2 is well resolved, so a large
(both of which display very similar emission). These differences nyibution of excimer emission to the spectra of both crystals
are attributed to a decrease in interliganélsr interactions in can be ruled out. Neithet nor 2 have short cofacial chro-
the lower density structur"é.Thereforg, we believe the differ- mophore distances in their crystal structures. The nearest-
ences between spectrabind2 are likely a result of crystal — ajgnhor distances between aromatic ring centroids and the
density, as the evidence indicates that the influence of the angles between ring planes are 5.6 A° {9 in an individual
different types of zinc cluster on the electronic spectra observed|ayer) 6.0 A, 0 (1, between adjacent iayers) and 5.6 A°49

is small compared to that of the differences in interchromophore (2, between interpenetrated cubes along the edge defined by
interaction within each structure. This is supported by time- th;a b-axis).

resolved studies described in detail below.

Crystals of1 and 2 both show structured emission bands
similar to that for LH in the solid state (Figure 5) and in
solution, with several vibronic bands evident. This supports our
interpretation that emission is essentially ligand-based, with little
contribution from the metal cluster units in the framework. The
behavior observed foR differs from that described in the
literature for IRMOF-1, for which a green luminescence is
attributed to energy transfer from the relatively nonfluorescent
linker (1,4-benzenedicarboxylate) to the 42n units®t The
emission spectrum ¢ is similar in structure tdrans-stilbene
in dilute solutiort and in the crystalline state(which has a
herringbone packing structuréalthough for botHl and2 the
vibronic structure is more pronounced at room temperature. This
indicates that the stilbene units are rigidifiedliand2; indeed,
this structure resembles that for synthetically locked stilbene

Crystals ofl show a red-shift and broadening in emission
compared t@, indicating a greater degree of interchromophore
coupling in the 2-D MOF structure, presumably a consequence
of the 6.0 A distance between chromophores in the displaced
face-to-face stacking of successive layers. However, the extent
of this chromophore interaction ihis small compared to L
which displays a significantly red-shifted and broadened emis-
sion spectrum. Here, presumably, hydrogen bonding between
terminal carboxylic acid groups introduces short interchro-
mophore stacking distances, as observedréors-4,4-stilbene
diamide4® which show emission spectra characteristic of edge-
to-face dimer® (5.0 A between phenyl ring centroids, 28
between ring planes). As described above, the emission spectrum
of 2 is very similar to that of LH in dilute solution, indicating
these units interact only weakly with one another in this low-
density 3-D MOF environment.

(41) Bordiga, S.; Lamberti, C.; Ricchiardi, G.; Regli, L.; Bonino, F.; Damin, i At icci
A Lillerud. K-P.: Bjorgenb, M. Zecchina, AChem. Commur2004 The differences betwee'n g.xmtatlon and emlssmq peak
2300-2301. maxima for bothl and2 are significantly smaller than for dilute

(42) Fuentes-Cabrera, M.; Nicholson, D. M.; Sumpter, B. G.; WidomJM.
Chem. Phys2005 123 124713.

(43) Lu, Z.; Wen, L.; Ni, Z.; Li, Y.; Zhu, H.; Meng, QCryst. Growth Des. (47) Pope, M.; Swenberg, C. Electronic Processes in Organic Crystals and
2007, 7, 268-274. Polymers 2nd ed.; Oxford Science Publications: New York, 1999.
(44) Chen, Z.-F.; Xiong, R.-G.; Zhang, J.; Chen, X.-T.; Xue, Z.-L.; You, X.-Z. ~ (48) Spano, F. CAnn. Re. Phys. Chem2006 57, 217—243.
Inorg. Chem.2001, 40, 4075-4077. (49) Lewis, F.D.; Yang, J. S.; Stern, C.L.Am. Chem. So¢996 118 12029~
(45) Gudipati, M. SJ. Phys. Chem1993 97, 8602-8607. 12037.
(46) Hoekstra, A.; Meertens, P.; Vos, Acta Crystallogr. B1975 31, 2813— (50) Lewis, F.D.; Yang, J. S.; Stern, C.L.Am. Chem. So4996 118 2772
2817. 2773.
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Figure 6. Emission decays (left) of (pink), 2 (blue), and LH (red), and semilogarithmic emission decay plots (right). All three were detected at their
respective third vibronic peak (see Figure 5). Emission lifetimgsvere determined by fitting the decays to a single or double exponential fundign:

= oz + a,e7Y2 wherea. is the pre-exponential factor, an@ the time. BotHL and LH, were best fit to biexponentials, as supported by the semilogarithmic
plots (inset) where the presence of more than one decay process with characteristic lifetime results in curvature of thesespgee0as,t> = 0.95 ns,
oy/ap = 5.0 forl andrs = 0.73 ns,72 = 2.49 ns,as/o, = 1.8 for LH, In comparison2 was best fit to a monoexponential decay= 0.50 ns, resulting

in a linear semilogarithmic plot.

solutions oftrans-stilbene (3400 cnt? in dioxane} and LH, of an excited-state process (i.e., population of the long-lived
(4088 cn1!in DMSO/H,O (100:1 v/v)), and this difference is  emissive state occurs after initial excitation), presumably
smaller for 2 (815 cnt?l) than for 1 (1215 cnt?l). These facilitated by interactions between individual chromophores in
data indicate the degree of reorganization between the groundl.5® Consistent with this, Lkipowder samples show significantly
and first excited states dfand2 is reduced compared teans more pronounced behavior in this regard due to much stronger
stilbene and LH in solution, reflecting the increased rigidity  interchromophore coupling. The steady-state emission spectra
of the stilbenoid unit afforded through strong coordination by of 1 remain unchanged upon variation of the excitation
the metal ions in the framework, which results in a larger barrier wavelength across the full excitation spectrum, indicating there
for torsion about the central ethylene bond. is likely to be only one species contributing to the emissibn,
Time-resolved emission measurements were used to probesupporting the assignment of these differences in the time-
further the local environment of stilbenoid units in crystals of resolved spectra to an excited-state activated process. In addition,
1 and2, and emission decay curves are shown in Figure 6. The the time-resolved data were found to be reproducible between
radiative lifetime oftransstilbene ¢) is estimated to be 1.7  different crystal samples. These considerations allow us to
ns?! which typically becomes shortened to< 100 ps in discount significant influence of sample heterogeneity upon the
solution at room temperature. The major factor contributing to measurements. The behavior exhibitedlbig consistent with
the reduced lifetime is thérans—cis isomerizatior® These that found by Bazan and co-workers for paracyclophane-based
isomers are nearly isoenergetic in the ground state, but a largestilbenoid dimers, which exhibit biexponential emission decays
barrier to rotation exists and theans state acts as a quantum  in solution, presumably from different electronic states localized
well. Excitation to the first excited-singlet state is followed by on the monomer and diméiThe longer emission lifetime df
barrierless rotation about the central double bond, leading tois of the order of those found for stilbenoid dimers in the
the essentially nonfluoresceats isomer?®32 which can give intermediate coupling reginf€No changes in the time-resolved
additional photoproducts, including cyclization to dihydro- spectra forl are found between samples immersed in chloroform
phenanthrene. This photoisomerization QY is significantly larger and those drieéh vacua
than the fluorescence quantum yield at room temperatiie ( In contrast, emission decays f1(in a chloroform environ-
= 0.45 vsfgy = 0.02 in acetonitriley? ment) were best fit by a monoexponential function witk=
Emission decays forl were fit best by a biexponential ~0.50 ns, attributed to emission from stilbenoid monomers. The
function. The faster component has= 0.20 ns, likely due to measured lifetime is approximately five times greater than for
emission from monomeric stilbenoid units. The relative con- transstilbene in solution, consistent with an increased rigidity
tribution of the longer-lived species, with a lifetime of 0.95 ns, of coordinated stilbenoid chromophores 2n Typically, in-
was found to increase upon increasing the detection wavelengthcreased lifetimes accompany an increase in emission QYs,
along with a concomitant delay observed in the decay curve provided that the radiative decay rate does not chahged
(see Supporting Information for wavelength-dependent data). therefore the QY of botfi and2 may be expected to be larger
Growth of a decay component with longer lifetime at lower than fortransstilbene in solution. However, values were not
emission energy, along with a delay in emission, is indicative

(53) Song, Q.; Bohn, P. W.; Blanchard, GJJPhys. Chem. B997, 101, 8865~
8873.

(51) Syage, J. A.; Lambert, W. R.; Felker, P. M.; Zewail, A. H.; Hochstrasser, (54) Haas, E.; Fischer, G.; Fischer, E.Phys. Chem1978 82, 1638-1643.
R. M. Chem. Phys. Lettl982 88, 266—-270. (55) Lakowicz, J. RPrinciples of Fluorescence Spectroscpppd ed.; Plenum

(52) Mazzucato, UPure Appl. Chem1982 54, 1705-1721. US: New York, 1999.
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significant difference after drying for extended periods under
vacuum. This is likely a function of the dense, rigid structure
of 1, wherein the majority of chromophores are not exposed to
the solvent. In contrast, the luminescence from crysta® isf
sensitive to solvent exchange. Shifts in emission were observed
upon changing the solvent, with peak maxima decreasing in
energy in the order hexarre chloroform> toluene, alongside

a concurrent broadening of the vibronic structure (Figure 7).
This response was found to be fully reversible through multiple
cycles of exchanges between the different solvents. However,

upon complete removal of incorporated solvent vacug
crystals of 2 display a significant, irreversible red-shift in
emission, indicating increased interligand coupling, as shown
J in the inset of Figure 7. This behavior is ascribable to a
: : permanent structural change which brings the stilbenoid linker
400 450 units in closer proximity to one another and provides evidence
Wavelength (nm) for the hypothesized structural collapse of interpenetrated units
Figure 7. Solvent-dependent, normalized emission spectra from a crystal upon evacuation, resulting in the lower-than-expected surface
of 2 soaked in toluene (green diamonds), chloroform (blue squares), and greas discussed previously. These results also suggest that the
hexane (red circles). These are fully reversible upon solvent exchange. Thed . t f the lattice af Id allow f i st
inset shows crystals df in chloroform (blue closed circles) and crystals ynam'c na u.re 0 .e a '.Ce ‘ Could a PW Oor specmc gue .
after extended evacuation, under nitrogen (orange open circles). The originalnOSt interactions with this linker, which may have potential

spectrum cannot be fully regenerated upon rewetting in chloroform becauseapplication in combined separation and detection experiments.
of a partial structural collapse in the crystal upon evacuation.
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determined in this study as variations in crystal size and shape

can introduce significant uncertainties into the measurements.
An increase in the luminescence lifetime farmay be which the organic linker serves as the chromophore. The
expected when considering the strong coordination to th©zn  Structure of the materials obtained is a function of the synthetic
units in the crystals. However, this lifetime is shorter than that conditions employed. Single-crystal XRD and electronic spec-
of “chemically” frozen stilbenes and those highly rigidified in ~ troscopy were used to investigate the local environments of the
solid matrices shown previous¥ndicating that the structure stibenoid units in the frameworks. In both cases, the ligand
is not completely rigid, and thus nonradiative decay pathways becomes rigidified in thérans geometry upon coordination to
are not fully suppressed. We and others have recently addressef€ metal. In the dense, 2-D layered structutethe chro-
the flexibility of MOF-type structures by theoretical means. Mophore environment allows for a limited degree of ligand
Molecular dynamics simulations using a newly developed ligand interaction. The porous 3-D cubic framewdkexhibits
nonrigid force-field indicate that there is considerable motion less significant interchromophore interaction, and the stilbenoid
of the linker groups in IRMOF-1 (Z©(1,4-benzenedicarboxy- units maintain a degree of flexibility for dynamic interactions
late)) at room temperatur®.In addition, Mattesini et al. have ~ With guests. Initial studies reveal that crystals 2fshow
used plane-wave density function theory to predict the elastic 'eversible, guest solvent-dependent emission. Sensing with an
properties of IRMOF-1 and concluded that, contrary to what inherently luminescent MOF with the potential to undergo
was originally thought for this archetypal isoreticular structure, dynamic shape changes with specific guests is an exciting
IRMOF-1 is actuallynotan exceptionally rigid material. Instead, ~ POssibility that we hope to explore in future separations-based
the calculations predict it to be a soft and ductile material, with €XPeriments.
a Young's modulus of 14.8 GP&Most recently, it was shown
that lattice motions need be included to accurately simulate
molecular transport in IRMOF-¥. By analogy with these Synthesis.4,4-Stilbenedicarboxylic acid (Lb) andN,N-dimethyl-
results, the porous stilbene-containing structure2 dfvith a formamide (DMF) were purchased from Alfa Aesar. Zn(&BH,0
longer and less-rigid ligand than IRMOF-1) is expected to and chloroform (CHG) were purchased from Flukal,N-Diethylfor-
provide an environment with increased rigidity and site isolation mamide (DEF) was purchased from TCI America.
of ligands, yet flexibility for active interaction with guests 1: A 71.3 mg amount of LK was added to 20 mL of DMF in a
incorporated into the open framework. Pyrex glass jar and agitated until almost fully dissolved. To this was
To investigate the effects of guest molecule incorporation, 2dded 209.2 mg of Zn(Ngx-6HzO (3:1 mole ratio of metal to linker).
the emission spectra df and2 were recorded after exposure This was sealed and placed in an oven at@5or 16 h, followed by

to different solvents. Crystals dfexhibit no change in emission 85 °C for 4 h, yielding transparent yellow crystals bf These were
. . . . collected and washed three times with fresh DMF and three times with
upon changing solvent environment, and likewise show no

chloroform, dried at 65C in vacuo for 6 h, and then stored under
ambient conditions. Yield: 75.2 mg (74% based on,).HAnalysis
124 4852, calcd (%) for ZnL3(DMF),: C 56.83, H 3.89, N 2.45; found: C 56.61,
(57) Greathouse, J. A.; Allendorf, M. D. Am. Chem. S02006 128 10678 H 4.39, N 2.88. IR (KBr, cm?): 3424 (br, w), 3060 (w), 2998 (W),
10679. ) 2927 (w), 1660 (s), 1607 (s), 1544 (s), 1394 (br), 1182 (m), 1109 (m),
(58) Mattesini, M.; Soler, J. M.; Yndurain, Phys. Re. B 2006 73, 094111. 1056 (w), 1014 (m), 979 (m), 906 (m), 867 (M), 856 (m), 805 (m),

(59) Amirjalayer, S.; Tafipolsky, M.; Schmid, RAngew. Chem., Int. EQ007, .
46, 463-466. 793 (s), 714 (s), 684 (m), 644 (s), 569 (m), 524 (m), 473 (w). Solid-

We have prepared two luminescent stilbene-based MOFs in

Experimental Section

(56) Pyun, C.-H.; Lyle, T. A.; Daub, G. H.; Park, NChem. Phys. Lettl986
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state UV/vis (KBr,Amay: 366 nm, 336 nm. TGA indicates loss of
coordinated solvent beginning at 230, followed by full decomposi-
tion.

2: A 30.7 mg amount of Lkl was added to 20 mL of DEF in a

molecules was accounted for using the SQUEEZE subroutine within
the PLATON software package. Statistics prior to treatment of data
with SQUEEZE werdR; = 0.1325 ( > 20(1)), wR, = 0.3866 (all data)

andS= 1.459. Calculation of the total solvent-accessible volume was

Pyrex glass jar and sonicated upon light heating to enable its suspen-performed using the CALC SOLYV routine within the PLATON software

sion. A 209.2 mg amount of Zn(N{3-6H,O was added and the jar
sealed (6:1 mole ratio of metal to linker). This was placed in an oven
at 105°C for 16 h, yielding transparent colorless crystal2oDEF
was decanted while still hot and replaced by DMF. Crystal2 wkre
washed with chloroform three times and stored in chloroform until ready
for use. Yield 33.8 mg (70% based on gHAnNalysis calcd (%) for
Zn,OL3(DMF)(CHCl3): C 49.20, H 3.03, N 1.10; found: C 49.70, H
3.24, N 1.08. IR (KBr, cmY): 3455 (br), 3024 (w), 3008 (w), 1606
(s), 1540 (s), 1395 (br), 1180 (s), 1102 (m), 1014 (m), 953 (w), 858
(m), 784 (s), 751 (m), 708 (s), 671 (w), 646 (m), 569 (w). Solid-state
UVis (KBr, Amay: 378 nm, 334 nm. TGA indicates continuous loss
of adsorbed solvent until 200C and sharp decomposition at 410.
Physical Characterization. TGA was performed on a Pyrus Il

package.

Emission Lifetimes. A mode-locked Nd:YAG laser was regenera-
tively amplified and frequency tripled to produce nearly transform-
limited 355 nm pulses. The repetition rate was 20 Hz. The pulse width
of the frequency-tripled output of the regeneration is estimated to be
approximately 60 ps (fwhm). The 355 nm pulses were focused onto
the sample. Emission was collected with an f/4 visible achromat and
imaged 1:1 with a second achromat onto the 200 mm wide entrance
slit of a 1/8 m monochromator. A 600 lines mingrating (blazed for
300 nm) dispersed the emission. The 1200 wide exit slit width
produced a nearly rectangular bandpass of 7.5 nm. The grating was
tuned to collect emission from individual vibronic bands (based on
fluorimeter measurements). The filtered emission was detected with a

Perkin-Elmer under He. Surface areas were measured on a Micro-microchannel plate photomultiplier tube (MEPMT), and the resulting

miretics ASAP 2000 Porosimeter with,Nds the sorption gas. Powder
XRD was performed on a Scintag X'Pert with Cutiadiation. Steady-

signal was digitized with a real-time digital oscilloscope and with an
analog bandwidth of 6 GHz. The rise time of the detection system is

state emission spectra of solid samples were collected with a SPEX~150 ps, the fall time is~300 ps, and the fwhm is-300 ps. A

Fluoromax using a fiber optic extension.

Single-Crystal Diffraction. Data were collected on a Bruker three-
circle diffractometer equipped with a SMART APEX-II CCD area
detector with graphite-monochromated Mo Kadiation ¢ = 0.71073
A, 20 = 52). ZnsL3y(DMF)z, 1, CsaHaN2O14Znz, M, = 1141.02,
rhombohedral, space gro#3, at T = 100.0(2) K: a = 16.1661(4),
c=16.4796(9) AV = 3729.82(19) A Z = 3, deaica = 1.524 g/crA,
F(000) = 1752, = 1.506 mm*. The structure was solved by direct
methods and refined by full-matrix least-squares refinement with

anisotropic displacement parameters for all non-hydrogen atoms. Two
coordinated monodentate DMF ligands are disordered over three sites

convolve-and-compare algorithm was used to fit the data with a two-
component exponential decay including convolution with the instrument
response function, which was recorded by measuring the elastically
scattered 355-nm light from the sample substrate. The slight impedance
mismatch between the detector, cabling, and oscilloscope produces
minor postpulse ringing<0.5%), which necessitates convolution in
the fitting procedure for accurate determination of decay rates.
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