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ABSTRACT: Diffusion-controlled luminescence quench-
ing of a phosphorescent metal—organic framework built
from the Ru(bpy)32+—derived bridging ligand (MOF-1) was
studied using a series of amines of different sizes as
quenchers. The dynamics of amine diffusion into solvent-
filled MOF-1 channels was probed by modeling time-
dependent luminescence quenching data, which provide
quantitative diffusion coeflicients for the amine quenchers.
Triethylamine, tripropylamine, and tributylamine were found
to follow Fickian diffusion with a diffusivity of (1.1 4 0.2) x
1073 (48 £12) x 10" % and (4.0 £ 0.4) x 10~ *m?*/s,
respectively. Diisopropylethylamine (DIPEA), on the other
hand, was found to be too large to enter the MOF channels.
Despite its size, 4-MeOPhNPh, can enter the MOF channels
via a slow, complicated framework/guest intercalation pro-
cess to result in extensive framework distortion as revealed
by powder X-ray diffraction. This work represents the first
quantitative study of the dynamics of molecular diffusion
into solvent-filled MOF channels. Such quantitative infor-
mation on molecular diffusion in MOFs is of fundamental
importance to many of their potential applications (e.g.,
heterogeneous catalysis).

Metal—organic frameworks (MOFs), constructed from a
variety of molecular linkers and metal or metal cluster
connecting points, have emerged as a new class of molecularly
tunable porous solids.' > While the application of MOFs in gas
storage and separation has been extensively explored in the past
decade,”® other important areas such as liquid-phase separa-
tion,”"° drug delivery,”’12 chemical sensing,mflé biomedical
imaging,'”"® and particularly selective catalysis of various organic
transformations'®”>® have started to attract interest recently. In
many of these applications, mass transport properties of MOFs
play a dominant role on their performances. Diffusion coefficient
(or diffusivity) of MOFs, a key parameter characterizing the
transport process, is thus an important physical quantity to be
determined.

Guest molecule diffusivity in MOFs was first computationally
studied using molecular dynamics (MD) simulations. Sarkisov
et al. first reported theoretical predictions of self-diffusion
coefficient D, of several alkanes in MOF-5.>* Sholl, Johnson,
Schmid, and others also examined self-diffusion coefficient D,
and transport diffusion coefficient D of simple alkanes, hydro-
gen, carbon dioxide, benzene, and other small molecules
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in several MOFs including the IRMOF series and
HKUST-1."%

In contrast to a wealth of literature on simulation efforts, there
are only a few published experimental studies of measuring
diffusivity in MOFs. Stallmach et al. first reported self-diftusivity
of hydrocarbons in MOF-5,%° and more recently in HKUST-1,"
using the pulsed-field gradient NMR technique. Jobic and
Maurin used quasi-elastic neutron scattering method to study
self-diffusion of H,, CO,, and alkanes in MIL-47(V) and MIL-
53(Cr).** 73 In another direction, Karger and co-workers used
interference microscopy*® and infrared microscopy®” to study
respectively transport diffusion of methanol into vacuum-acti-
vated manganese formate and alkanes into vacuum-activated
HKUST-1. Quartz crystal microbalance measurement of thin
films was also employed by Zybaylo et al. to estimate the
diffusivity of pyridine in vacuum-activated HKUST-1.**

These measurements provide invaluable information for the
applications of MOFs in gas-phase adsorption and separation.
However, many of interesting applications of MOFs, such as
heterogeneous catalysis, involve liquid suspensions of MOFs. In
these cases, diffusion occurs when MOF channels are already
filled with solvent molecules. The realistic physical picture
involves continuous exchange of diffusant molecules (e.g., sub-
strate or product molecules in MOF catalysis) with solvent
molecules during their transport through MOF channels, instead
of self-diffusion or transport diffusion into vacuum-activated
MOFs. This kind of diffusion process is expected to be much
slower than self-diffusion or transport diffusion. There were two
studies on molecular diffusion into solvent-filled MOF
channels,***® but quantitative diffusivities could not be deter-
mined in these experiments.

In our exploration of photoactive MOFs, we encountered an
interesting diffusion-controlled quenching phenomenon, in
which amine quenchers in solution diffuse into MOF channels
and gradually quench the MOF emission from the Ru(bpy);*"-
derived bridging ligand via a redox quenching mechanism.*' We
proposed that such time-dependent luminescence quenching
behaviors can be utilized to model the diffusion processes of
different quenchers in MOFs in solution. In a related study,
diffusion coeflicients of fluorescein in lysozyme crystals were
obtained by modeling the fluorescence intensities determined by
confocal laser scanning microscopy.**

The phosphorescent MOF (1) used in this study contains a
Ru(bpy);>" derivative H,L, which was synthesized by directly
reacting cis-[Ru(bpy),Cl,] with 2,2'-bipyridine-5,5'-dicarboxylate
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Scheme 1. Synthesis of Phosphorescent MOF-1 and
Chemical Structures of Amine Quenchers of Varying Sizes
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acid® H,L was mixed with 4,4"-biphenyldicarboxylic acid
(H,BPDC) and then reacted with Zn(NOs),-6H,0 in DMF at
100 °C for 12 h to obtain yellow-red crystals with thin-plate or
feather-like morphologies (Scheme 1).

1 crystallizes in the orthorhombic C222; space group, as
revealed by a single-crystal X-ray diffraction study. The three-
dimensional (3D) framework of 1 is built from linking [Zn, (¢,-
CO,)3;] SBUs with ditopic BPDC and L bridging ligands
(Figure 1a). The asymmetric unit of 1 contains 5/2 of the
dicarboxylate ligands (2 BPDC and 0.5 L ligands) and one Zn,
SBU (Figure 1b). The L and BPDC ligands are found to
randomly occupy two of the three independent ligand positions
(see Supporting Information [SI] for detailed treatment of
occupancy disorder), with the third ligand position exclusively
occupied by the BPDC ligand. Such an occupancy disorder
precludes precise determination of the L/BPDC ratio by X-ray
crystallography. Instead, the Ru complex content L/(BPDC +
L) in 1 was determined by quantitative UV—vis spectroscopy
and ICP-MS to be 20%, leading to a framework formula of
Zn,Ly s(BPDC), for 1.

Three bidentate carboxylate groups bridge the two Zn atoms
in the equatorial positions of the Zn, SBU, and the tetrahedral
coordination environment of each Zn center is completed by a
monodentate carboxylate group in the axial positions of the Zn,
SBU. The Zn, SBUs are thus connected to each other by five
dicarboxylate ligands to form a 3D framework of five-connected
bnn topology (Figure 1c) that exhibits enormous void space
(Figures S4.1 and S4.2 [SI]) and readily accommodates a second
framework via interpenetration, leading to a two-fold interpene-
trating structure for 1. Even with two-fold interpenetration, 1
exhibits large open channels that are filled with solvent mole-
cules. A combination of TGA and "H NMR analysis affords the
complete formula of [Zn, Lo s(BPDC),] - 9DMF - 9H,O for 1. As
a result of disordered nature of the L ligands in the frameworks,
the open channel sizes along the [001] direction vary from
0.4 nm x 0.7 nm to 0.9 nm x 1.2 nm (Figure la).

Luminescence quenching experiments were performed on
plate-like single crystals of 1 affixed to the bottom of a quartz
fluorescent cuvette, with faces perpendicular to the cuvette
bottom and immersed in cyclohexane (Scheme 2). The original
DMF/H,O solvent molecules inside the channels of 1 were first
exchanged with CH,Cl, and then with cyclohexane. The O,
molecules inside the channels were removed by keeping the
crystal in degassed cyclohexane overnight to prevent the lumi-
nescence quenching by O, via an energy-transfer pathway. The
thicknesses of plate-like crystals of 1 were measured using a

(@) (b)

Figure 1. Structure model of MOF-1. (a) Space-filling and stick model
viewed along the [001] direction, showing different channel sizes due to
different local distributions of L ligands. (b) Building blocks of 1. (c)
Schematic showing two-fold interpenetrating frameworks of the bnn
topology. (d) Space-filling model viewed along the [100] direction. (e)
Space-filling model viewed along the [010] direction.

Scheme 2. Schematic of the Experimental Setup Used for
Luminescence Quenching Measurements
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microscope with a built-in ruler. In the quenching experiment, a
MOF-1 crystal was excited at a wavelength of 452 nm, and the
emission intensity at 627 nm was recorded at different time
points after the addition of a predetermined amount of amine
quenchers. The amines or solutions of amines were fully
degassed before use. Structures of the amines are shown in
Scheme 1. Excitation light was blocked from impinging on the
crystal during the intervals between different emission measure-
ments to avoid photodecomposition of the amine and other
irreversible photochemical processes. A typical emission mea-
surement took about 2 to 3 s, during which time the crystal and
quenchers were exposed to light. The average value of the
emission signals was recorded, and the experimental error for
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Figure 2. (a) Plots of u(t) = [I(t) — I(e2)]/I(c°) vs t for different amine
quenchers: TEA (red), TPA (green), TBA (blue), DIPEA (black), and
4-MeOPhNPh, (purple) (see SI for more detailed plots). (b) Linear
fitting of (L*/7*) In[u(t)] vs t of TEA (red), TPA (green), and TBA
(blue). Only the data points of t > 100 s for TEA and t > 200 s for TPA
and TBA were used in these fits (see SI for more detailed analyses).

each time point was estimated from the signal fluctuations within
the 2 to 3 s. Spectra of the crystals were taken before and after the
quenching studies to ensure that no substantial spectra change
had occurred (Figure S6.1 [SI]).

The time-dependent intensity I(t) was normalized against the
equilibrium intensity after along time I(e<). A plot of u(t) = [1(¢) —
I(e0)]/I(e0) vs time is shown in Figure 2a. Exponential decay of
the emission intensities over time to 80—85% of their initial
values was observed in solutions of 0.433 M triethylamine
(TEA), tripropylamine (TPA), tributylamine (TBA), and
0.024 M 4-methoxylphenyldiphenylamine (4-MeOPhNPh,) as
a result of diffusion-controlled luminescence quenching of 1 by
these amines. The amount of time required for the emission to
reach equilibrium after adding TEA, TPA, TBA, and 4-MeO-
PhNPh, is approximately 10, 30, 30, and 120 min, respectively.
This order of increase in time required to reach equilibrium
correlates well with the sizes of these amines.

For diisopropylethylamine (DIPEA) quenching, however, the
intensity dropped instantaneously to 96% of its original value and
remained unchanged after that. This behavior is likely a result of
surface quenching only, suggesting that DIPEA cannot enter the
MOF channels. To confirm this, we investigated the reverse
process of amine diffusing out of the MOF channels. Crystals
fully soaked in amine solutions were put back into freshly

degassed cyclohexane under N, protection, and the changes in
emission intensities were monitored. An increase of signal over
time was observed for TPA- and 4-MeOPhNPh,-treated MOFs,
indicating the release of absorbed quenchers. In contrast, for the
MOFs soaked in DIPEA, no signal increase was detected. This
result supports the notion that no DIPEA can enter in MOF
channels, presumably owing to its large size (Figure S7.1 [SI]).
Further evidence comes from GC analysis of the absorbed amine
in the MOF channels. Amine-treated 1 released substantial
amounts of TPA, TBA, and 4-MeOPhNPh,, but no DIPEA
(SI). These results unambiguously prove the accessibility of the
MOF channels to all the amines except DIPEA.

Geometry-optimized structure of 4-MeOPhNPh, is much
larger than that of DIPEA (SI), so their different uptake
behaviors by 1 cannot be explained simply based on their sizes.
Instead, we believe that different uptake behaviors of the two
amines stem from their disparate affinities toward the MOF
channels. 4-MeOPhNPh,, as an aromatic amine, can strongly
interact with the MOF channel wall via 77— interactions,
whereas aliphatic chains of DIPEA do not provide such a driving
force for inclusion. PXRD patterns of amine-treated crystals of
1 were taken to provide insights into these different uptake
behaviors. While the PXRD patterns of all the aliphatic amine-
treated MOFs closely resemble that of the as-synthesized 1, the
pattern of 4-MeOPhNPh, —treated MOF crystals lose all of the
diffraction peaks due to 1 (Figure $9.1 [SI]). The severe frame-
work structure distortion of 4-MeOPhNPh,-treated 1 suggests
that 4-MeOPhNPh, enters the MOF by intercalating into the
framework via 7—s interactions instead of simple Fickian
diffusion.

We quantitatively analyze the diffusion of TEA, TPA, and TBA
in the framework of Fickian diffusion. In other words, we assume
a constant diffusivity, D, independent of local concentration of
amine quenchers. By taking advantage of thin-plate morphology
of the MOF crystals, we further simplify the diffusion process
into a 1D diffusion described by Fick’s second law (Eq 1) with the
boundary conditions and initial conditions expressed in Eq 2 and
Eq 3, respectively:

ac(;;, t) _ Da ;(xxz, t) (Eq 1)
c(0,t) = ¢(L,t) = ¢ (Eq 2)
c(x,0) = 0(0<x<L) (Eq 3)

For the emission quenching, we assume a rapid, reversible
quenching behavior that can be described by the Stern—Volmer
equation. In addition, activity correction for amine concentration
inside MOF channels, the sample dependent crystal geometry
and position factor, and the contribution from surface emission
have also been considered. Using this model, the time-dependent
normalized emission intensity was derived (SI), and can be
expressed with Eq 4:

u(t) ~ A exp(—[7’Dt] /L?) (Eq 4)

where A is independent of time ¢ and is expressed by A = (1/
(1 + 0)) ([40Bc)/[1 + afce]) ([€L]/[cos 0])/([(€L)/
(cos 0)]* + %) (0, B3, €, 0, and & are introduced to account
for Stern—Volmer quenching, activity correction, crystal absorp-
tion, crystal positioning, and surface emission, respectively,
see SI); L is thickness of the crystal, and D is the Fickian diffusivity.

4234 dx.doi.org/10.1021/ja111197d |J. Am. Chem. Soc. 2011, 133, 4232-4235



Journal of the American Chemical Society

COMMUNICATION

Plots of (L*/7*) In[u(t)] vs t gave straight lines (Figure 2b),
indicating the validity of the Fickian diffusion model as described
by Eq 4. Diftusivities of TEA, TPA, and TBA in MOEF-1 could
be obtained from the slopes of these linear fits, and were
determined to be (1.1 & 0.2) x 10 "3, (4.8 & 1.2) x 10",
and (4.0 £ 0.4) x 10 "* m”/s, respectively. These values are
1—2 orders of magnitude smaller than the transport diffusivity
reported for methanol into vacuum-activated porous manganese
formate crystals,*® a system that has a similar diffusant/channel
size ratio as our present case. This discrepancy is expected since
the two diffusion processes are of very different natures. The
diftusivity derived in our present study is much more relevant to
many applications that involve liquid suspensions of MOFs.

In summary, we have examined diffusion-controlled lumines-
cence quenching of a Ru(bpy);” *-incorporated MOF by a series
of amines of different sizes. TEA, TPA, and TBA can diffuse
through the MOF channels according to the time-dependent
quenching data, whereas DIPEA is too large to enter the MOF
channels. Despite its large size, 4-MeOPhNPh, can enter the
MOF channels via a slow, complicated framework/guest inter-
calation process to result in extensive framework distortion as
revealed by PXRD. The time-dependent quenching curves
of TEA, TPA, and TBA were fitted quantitatively with a 1D
Fickian diffusion model to afford diftusivities on the order of
10" **—10"'3 m?/s. These diffusivities are 1—2 orders of magni-
tude smaller than that of a transport diffusion system of a similar
diffusant/channel size ratio. The dynamics of molecular diffusion
into solvent-filled MOF channels reported herein is of funda-
mental importance to many MOF applications in solution.
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