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Abstract: The self-assembly of Zn" ions with 1,3,5-tris(iso-
nicotinoyloxyethyl)cyanurate — produces new  topological
(412°)5(#), 2D metal-organic frameworks (MOFs) with
anion-confining cages. The eclipsed assembly of each 2D
MOF by s stacking of cyanurate moieties (3.352(5) A)
forms 3D MOFs consisting of nanochannels (10.5 A). Two of
the three anions are confined in each peanut-type cage,
resulting in hydrophobicity of the nanochannels. The hydro-
phobic nanochannel effectively adsorbs a wide range of fused
aromatic hydrocarbons (FAHs) as monomers or dimers,
rendering it potentially highly useful as an energy-transfer
material.

N anochannel materials have been employed for the past
two decades as host networks for useful guest molecules with
such host—guest systems having been found to show intriguing
electrochemical, optical, and magnetic properties.!l' Thus,
formation and functionalization of metal-organic frameworks
(MOFs) with task-specific channels present interesting pos-
sibilities for tuning of guest conformations, guest preorgani-
zation, and unusual transition states.”’ Meanwhile, fused
aromatic hydrocarbons (FAHs), recognized as harmful pol-
lutants,” are known to have interesting photophysical proper-
ties. Anthracene and pyrene, for example, recently have been
found in the ultraviolet light emitted by the red rectangle
nebula.'! Inclusion of two or more guest FAHs in a channel
affords a particular type of recognition or energy-transfer
(ET) system depending on the distance and relative orienta-
tion of the donor—acceptor pair.”] The unique fluorescence
properties of FAHs within hosts undoubtedly are mediated by
n—7 stacking interactions, hydrogen bonds, and van der Waals
interactions.!! To date, cyclodextrins!”! and rectangular cyclo-
phanes®® have been employed as hosts for incorporation of
isolated FAH species from bulk FAHs. However, studies
focusing systematically on the details of the organization of
FAHs in MOFs for recognition and ET remains unexplored,
although some examples of y-cyclodextrin,”) DNA,' and
coordination cages!'!! as host molecules for the formation of
excimeric FAH species have been reported. Herein, we
report the fabrication of hydrophobic nanochannel MOFs
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[Zn;L,(CH;CN)(](X)s (L =1,3,5-tris(isonicotinoyloxyethyl)-
cyanurate; X~ = BF,” and ClO,") by assembly of octahedrally
coordinated Zn" centers with Cj-symmetric tridentate N-
donor ligands. In these MOFs, FAHs have been directly
included, organized, and preliminary Forster resonance
energy transfer (FRET) of FAHs within the nanochannels
was reported. To our knowledge, this is the first example of
the inclusion of FAHs and subsequent FRET within a MOF.

Self-assembly of ZnX, with Cs;-symmetric ligand L
produces  single  crystals composed of = [Zn;L,
(CH;CN)](X)s5 CH,Cl,-3H,0 suitable for single-crystal X-
ray diffraction, as depicted in Scheme 1. The crystalline
product could be successfully obtained irrespective of the
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Scheme 1. The inclusion of FAHSs in [Zn;L,(CH;CN)¢](X)s nanochannels
(X~=BF,” and ClO,").

concentrations and mole ratios, indicating that the product is
the most thermodynamically favorable species. The crystals
were insoluble in water and other common organic solvents
including acetone, benzene, chloroform, tetrahydrofuran, and
toluene. The crystals slowly lost their crystallinity in air owing
to the evaporation of the solvated molecules on the surface,
but their basic structures were very stable under anaerobic
conditions.

The structure of [Zn;L,(CH;CN)4](BF,)¢5 CH,Cl,-:3H,0
is very similar to that of [Zn;L,(CH;CN)]-
(C10,)¢5CH,CI,:3H,0, except for the counterions
(Figure 1). From a topological point of view (see Figure S1
in the Supporting Information), L acts as a 3-connected node
and the Zn" ion acts as a 4-connected node to construct a 2D
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Figure 1. Crystal structure of [Zn;L,(CH;CN)g](BF,)¢-5CH,Cl,-3 H,O:
a) packing structure of 2D networks showing 1D nanochannels and
b) top and side views of one [Zn,L,(CH;CN)¢]*" unit. The included
BF,” ions are represented as space-filling models.

coordination polymer which has a new binodal 3,4-connected
net topology with the point symbol (4*12%);(4%),."* Specifi-
cally, the two tridentate L bridge three Zn" ions in a helical
conformation, thereby forming a truncated trigonal bi-
pyramidal [Zn;L,] peanut-type cage moiety that is occupied
by two BF,” ions.'” The distance between the two cyanuric
planes is 13.216(3) A, and the Zn-Zn separation is
10.6887(2) A. Thus, the cage has an elliptical cavity of
dimensions 4.1x4.1x10.0 A%, It is noteworthy that two of
the three BF,™ ions are nestled within the cavity (Figure 1b)
and that the other is positioned in the void space of the unit
cell. Considering the ligand conformation, the cage moiety
has right-handed (P) and left-handed (M) helicity™ in
alternating fashion in the solid state (Figure S2), resulting in
a hexagonal cavity with a diagonal Zn--Zn distance of
21.3774(4) A. As depicted in Figure S3, the void diameter of
the hexagonal cavity is 10.5 A. The most interesting structural
feature is that the 2D layers are tightly packed, resulting in the
formation of a 3D framework consisting of nanochannels
along the caxis (Figure 1), while the interlayer m-m
distance between the cyanuric planes is 3.352(5) A (Fig-
ure S4). Notably, the channels are occupied by dichloro-
methane, water, and one-third of the anions. The free volume
of the channels is, based on PLATON calculations, "
3553.5 A%6562.7 A%, which is 54.1% of the crystal volume.
The coordination network construction is outlined in
Figure S5. The C;-symmetric tridentate N-donor ligand is
a key triangular building block for self-assembly of the 2D
kagome-type network by coordination to Zn" ions. The
combination of the geometry of Zn" centers with L, having an
appropriate length and conformation, is an important factor
for formation of the new topological 2D network. The
frameworks have sustainable nanosized channels that are
occupied by solvate dichloromethane and water molecules
and partially by anions. In this case, anions serve as structure-
directing templates for building the cages that encapsulate
them. In effect, confinement of two of the three anions in the
cages makes the nanochannels relatively hydrophobic. The
other anions in these nanochannels are highly disordered,
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meaning that the nature of their interactions with the
channels remains unclear. The collaboration between the
n—7 interactions and the unique anion-confining cages might
be an important factor for the construction of the desired
hydrophobic channel materials.

FAHs, such as anthracene (ANT), pyrene (PYR), per-
ylene (PER), phenanthrene (PHE), and naphthacene (NAP),
were used as dyes for incorporation into the nanochannels
described herein. Single crystals of Zn-MOF were immersed
in an n-hexane solution of each FAH and allowed to stand for
three days without heating or stirring, which resulted in
formation of the inclusion composites FAHCZn-MOF (see
the Supporting Information for experimental details). Solid-
state photoluminescence (PL) measurements were carried
out in order to investigate the FAHs entrapped within the Zn-
MOF, the results of which are in Table 1. As depicted in
Figure S6, L and Zn-MOF, upon excitation at A =365 nm,
displayed weak emission bands at around 465 and 463 nm,
respectively, indicating that the emission originated from
a ligand-centered transition.

Table 1: Fluorescence emission maxima (4.,) and quantum efficiencies
(@)¥ for free FAHs and FAHC[Zn,L,(CH;CN)](BF,)s composites.

FAH: solution® FAH: solid® Composite: solid

Aem [nm] (D) e [nm] Aem [nm] (D)
Anthracene (ANT) monomer monomer dimer
405 (0.36) 424 480 (0.10)
Phenanthrene (PHE) monomer monomer dimer
367 (0.34) 41 479 (0.07)
Pyrene (PYR) monomer dimer™® monomer
376 (0.43) 463 407 (0.50)
Naphthacene (NAP) monomer dimer"”?! monomer
479 (0.33) 566 450 (0.04)
Perylene (PER) monomer dimer!'” monomer
443 (0.94) 568 478 (0.02)

[a] The quantum efficiency for the free FAHs was measured in CHCl,
solution using Firpic (@=0.42) as the standard. [b] Measured for the
free FAH (i.e. not in the inclusion complex) in solution (methanol/
dimethyl sulfoxide, v/v=4:1) and in the solid state.

For PER and NAP, the free FAHs (before inclusion)
showed excimeric emission with 4,,,, =568 and 566 nm (4., =
365 nm) in the solid state, respectively. The structures of PER
and NAP are known to be dimeric in the solid state.l’l In
contrast, the included species exhibited emission maxima at
Amax =478 and 450 nm, respectively, indicating that the FAH
species are organized as monomers within the channels to
form PERCZn-MOF and NAPCZn-MOF. The PL spectra of
PERCZn-MOF and NAPCZn-MOF in solution in methanol/
dimethyl sulfoxide (v/v=4:1) are very similar to the spectra
of the free FAH molecules, indicating complete dissociation
of the FAH molecules from the MOF nanochannels (Fig-
ure 2b and Figure S7). Similarly, in the case of PYR, the free
PYR showed excimeric emission with A,, =463 nm (1,=
365 nm) in the solid state, whereas PYRCZn-MOF exhibited
relatively sharp monomeric PYR emission with 4,,,, =407 nm
(Figure 2a). The structure of the PYR crystal is known to be
composed of partially overlapping dimeric units.'¥! In case of
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Figure 2. Solid-state PL spectra (., =365 nm), fluorescence microsco-
py images, and schematic structural representation: a) PYR (blue) and
PYRCZn-MOF (purple); b) PER (yellow) and PERCZn-MOF (cyan);

c) ANT (purple) and ANTCZn-MOF (cyan). Inset: PL spectra
(Aex=365 nm) in solution in methanol/dimethyl sulfoxide (v/v=4:1)
of the free FAHs and their corresponding included complexes.

several studies on pyrene inclusion within zeolites,'” partic-
ularly faujasites which have supercages with a formal diam-
eter of circa 13 A, the organization of pyrene molecules
within the zeolite was dependent on the concentration of the
loaded pyrene solution. In the present work, on the other
hand, single PYR molecules could not move past each other
because the nanochannels were too narrow. Full inclusion
could not be achieved even after a prolonged immersion
process, presumably because of the presence of one of the
three counterions and partial solvate molecules inside the
channels.””!

Interestingly, NAP and PER simultaneously enter into the
nanochannels at similar rates, thereby providing a randomly
ordered homogeneous distribution, denoted NAP-PERCZn-
MOF (see the Supporting Information for experimental
details). As depicted in Figure 3b, the emission spectrum of
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NAP-PERCZn-MOF upon excitation at A =335 nm, where
the absorption of NAP is strong and that of PER is relatively
weak, was dominated by a band at 1 =472 nm corresponding
to the included PER, along with a shoulder band at 1=
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Figure 3. Solid-state excitation (dashed lines) and emission (solid
lines) spectra of a) NAPCZn-MOF (purple), PERCZn-MOF (blue), and
b) NAP-PERCZn-MOF (red). c) Fluorescence lifetime decays following
excitation at =375 nm of NAPCZn-MOF (monitored at A =450 nm;
red dotted line), PERCZn-MOF (monitored at 478 nm; blue dotted
line), and NAP-PERCZn-MOF (monitored at 450 (red) and 472 nm
(blue); solid lines). Inset: schematic representation of FRET between
included NAP and PER. Gray shaded section in (a): spectral overlap of
the included NAP emission and PER excitation.

438 nm corresponding to the included NAP. This indicates
that the emission corresponding to NAP was considerably
quenched, whereas that corresponding to PER was signifi-
cantly enhanced. As a result of the sufficient spectral overlap
between NAP emission (as the donor) and PER absorption
(as the acceptor), NAP-PERCZn-MOF can participate in the
FRET process. The same local fluorescence emission maxima
at different excitation wavelengths (Figure S8) confirm that
phenomenon. There was a small shift of the PER emission
maxima, from A =478 nm for PERCZn-MOF to 472 nm for
NAP-PERCZn-MOF, which occurred as a result of the
decrease in self-absorption and re-emission of PER molecules
within the nanochannels because of the decreased amount of
PER. In time-resolved fluorescence experiments, the fluores-
cence lifetimes (7) of the three composites were measured in
order to better understand the photophysical properties; the
corresponding fluorescence decay curves are depicted in
Figure 3c. The fluorescence decays of NAPCZn-MOF,
PERCZn-MOF, and NAP-PERCZn-MOF in the solid-state
were all fitted to biexponential curves. The fluorescence mean
lifetime (7,,)?" of each NAPCZn-MOF and PERCZn-MOF
excited at A=375nm is 0.77ns and 1.04 ns, respectively
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(Table S1). The decay of NAP in NAP-PERCZn-MOF,
measured at 450 nm, had a shorter fluorescence mean lifetime
of 0.75 ns, indicating that the energy transfer is from excited
NAP to PER chromophores. Moreover, the decay of PER in
NAP-PERCZn-MOF (1.61 ns) was much longer than in
PERCZn-MOF, which might be ascribable to a large reor-
ientation of PER fluorophores and a restriction of the
rotational degrees of freedom owing to the stronger hydro-
phobic interactions between the NAP and PER chromo-
phores in the nanochannels.””! A follow-up detailed inves-
tigation of the mechanism and photophysical properties is
currently underway. To our knowledge, this system is the first
demonstrable example of the facile inclusion and energy
transfer of FAH molecules within nanochannels of MOFs.
Other mixed sorbate composites, NAP-PHECZn-MOF,
PER-PHECZn-MOF, and PER-PYRCZn-MOF, did not
show the FRET phenomena, which might be ascribed to the
insufficient spectral overlap between the emission spectrum
of one FAHCZn-MOF and the excitation spectrum of
another FAHCZn-MOF (Figure S9).

The free ANT and PHE molecules, as depicted in
Figure 2 c and Figure S6, respectively, showed strong emission
in the solid state centered at A =424 and 411 nm, respectively,
whereas the included complexes generated broad emission
bands at A =480 and 479 nm, respectively. In light of the fact
that ANT and PHE have been known to exist as monomers in
the solid state and in dilute n-hexane solution,®! the
significant bathochromic shift was attributed to the occur-
rence of a dimeric 7t---7 stacking orientation (known as H-type
stacking®®!) of ANT and PHE within the nanochannels. These
results suggest that the hydrophobic nanochannels accom-
modate the reorganization of FAH molecules resulting in the
formation of dimeric FAHs within the channels to form
(ANT),CZn-MOF and (PHE),CZn-MOF, respectively. The
PL spectrum of (ANT),CZn-MOF in solution in methanol/
dimethyl sulfoxide (v/v=4:1) was the same as that of the free
ANT solution, indicative of dissociation of the FAH guest
from the host nanochannels (Figure 2c).

At this stage, the exact mechanism for the formation of
FAHsCZn-MOF remains unclear, though most likely it arises
from a combination of w7 and van der Waals interactions
between FAH molecules themselves, and between FAH and
the Zn-MOF skeletal structure inside the anion-confining
nanochannels. Tight host—-guest contact seems very important
as the nanochannel is relatively hydrophobic. In order to
clarify the factors influencing guest inclusion, a number of
control experiments were carried out. The difference between
employing X~ =BF,” or CIO, as counterion was found to be
negligible (see Figure S10). The inclusion capacities of the
FAHs were determined to be in the order PYR > ANT >
NAP~PER ~PHE. The solvent effects for inclusion were
in the order n-hexane >benzene > diethyl ether > dioxane/
dichloromethane (v/v=4:1), which is inversely proportional
to the polarity.

In conclusion, self-assembly of Zn" ions with a Cs-
symmetric tridentate ligand gives rise to the formation of
new topological 2D networks with anion-confining cages. The
2D networks were assembled by m--m interactions to form
unique 3D MOFs consisting of hydrophobic nanochannels,
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which serve as hosts for FAH recognition, inclusion, and
organization. These phenomena are strongly dependent on
the nature of the FAH and are mediated by n—n stacking
interactions between FAHs and the channel properties of the
MOFs. For NAP-PERCZn-MOF, an efficient FRET process
from the NAP to the PER was detected, as promoted by
alarge degree of spectral overlap between NAP emission and
PER absorption. In combination, these results indicate that
the energy transfer in these FAHsCMOF materials is
achieved by m-electronic donor—acceptor interactions. Addi-
tional and more systematic studies on, for example, the
synthesis of related ligands, are in progress. Further experi-
ments, moreover, should provide more detailed information
on energy transfer, adsorption—desorption properties, stable
guest storage, and intra-channel reactivity.

Experimental Section

Synthetic, spectroscopic, and crystallographic data for [Zns;L,-
(CH,CN)](X)s'5 CH,CL,:3H,0 (X™ =BF,  and ClO,"), details of
the inclusion of the FAHs, and all CIF files are included in the
Supporting Information. CCDC 1060420 and 1060421 contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.

Keywords: energy transfer - FRET - metal-organic frameworks -
polyaromatic hydrocarbons - zinc
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