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ABSTRACT: The monodisperse pore structure of MOFs (metal—organic frameworks)
is advantageous for investigating how porosity influences diffusion. Here we report
translational and rotational diffusion using fluorescence correlation spectroscopy and
time-correlated single-photon counting, using the three-dimensional pores of the zeolitic-
like metal—organic framework family. We compare the influence of size and electric
charge as well as dependence on pore size that we controlled through postsynthetic

o

cation-exchange modifications. Charge—charge interactions with the MOF appeared to

produce transient adsorption, manifested as a relatively fast and a slower diffusion process, but diffusants without net electric
charge displayed a single diffusion process. Obtained from this family of guest molecules selected to be fluorescent, these
findings suggest potentially useful general design rules to predict how pore size, guest size, and host—guest interaction control
guest mobility within nanopores. With striking fidelity, diffusion coeflicient scales with the ratio of cross-sectional areas of

diffusant and host pores when charge is taken into account.

he diffusion of guest molecules within nanoporous

metal—organic framework (MOF) materials is funda-
mental to their properties and applications, among them
storage, exchange, separation, release, and catalysis.' "'
However, diffusivity might in principle be contingent on a
myriad of parameters, among them pore size, pore
dimensionality, and host—guest interaction;'>™"> therefore,
here we have endeavored to formulate general conclusions
regarding the interplay of geometrical structure and specific
chemical interactions in this model system. Indeed, molecular
diffusion in nano- and microporous materials can be quantified
by numerous techniques, including pulsed field gradient
NMR,>'*~* quasi-elastic neutron scattering, quartz-crystal
microbalance,'” %! microima%ing using interference micros-
copy, and IR microscopy,”> >’ but these tend to suffer from a
lack of spatial resolution, unlike the experiments described
below. The desirable resolving of the inconsistency between
earlier reported results in which diffusion was sometimes
relatively rapid® and sometimes nearly quenched in a three-
dimensional (3D) nanoporous system~” was achieved here by
making measurements within the same system of what happens
when both pore size and host—guest interaction are varied
systematically. Furthermore, for what is considered to be the
first time in a MOF system, we compare translational with
rotational diffusion.

MOFs were selected because their pore matrix is regular,
while their pore size and chemical makeup can be precisely
tailored by adjusting counterions within the ionic frameworks
and modifying frameworks with functional groups.**”™>" We
selected the anionic zeolitic-like metal—organic framework

-4 ACS Publications  © xxxx American Chemical Society 6399

(ZMOF)**** because of the ease of forming large crystals and
its homogeneous three-dimensional pore structure. Impor-
tantly, this system offers the capacity to tune pore size
according to its cation-exchange capacity. This ZMOF system,
IX,/[In,g(HImDC)o4] (X = countercation; HImDC = partially
deprotonated form of 4,5-imidazoledicarboxylic acid) contains
large rectilinear cavities of 1.8 nm radius connected by
windows of ca. 0.9 nm radius.”** Therefore, diffusion of guest
species can be studied within sample geometry that is defined
with precision. To this end, we synthesized ZMOF materials
having protonated forms of 1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidine (HPP) and dimethyl amine
(DMA) as counter cations, denoted as HPP-ZMOF and
DMA-ZMOF, respectively. The procedures were described
previously.”” The frameworks containing Na* ions and Na-
ZMOF were obtained by cation exchange using DMA-ZMOF
as the parent framework.”” The composition and structure of
these materials were confirmed by elemental analysis and X-ray
powder diffraction measurements (Table S1 and Figure S1).
Although locations can vary within the framework depending
on the cation type, the representative Mg-ZMOF structure
shows the location of the cation in this case (Figure S2). From
scanning electron microscopy (SEM) measurements, all
samples showed the expected rhombic dodecahedron
morphology. The large crystal sizes (Figure S3) were an
important design feature as they enabled us to carry out optical
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Figure 1. Guest molecules and their inclusion within MOF structures. (a) Molecular structure of diffusing molecules: coumarin, coumarin 5404,
rthodamine 123 (Rho 123), and 3,3-diethyloxacarboxyanine iodide (DOCI). (b) Thermogravimetric analysis (TGA) traces of the ZMOF hosts
after exposure to 1-butanol vapor at room temperature, where black, blue, and orange show data in Na-, DMA-, and HPP-ZMOF, respectively.
Confocal microscopy images of the HPP-ZMOF crystals encapsulating (c) coumarin, (d) coumarin 5404, (e) DOCI, and (f) Rho 123 in DMF
show that the diffusants occupied the framework volume uniformly. Scale bars = 50 um. Insets show bright field optical microscopy images of these

same samples with magnification 2.5 times less.

experiments safely within the diffraction-based size (~300 nm
diameter) of a focused laser beam needed to perform this
characterization.

To examine how counter cations modulate the pore size, we
performed thermogravimetric analysis (TGA) of the three
materials, HPP-ZMOF, DMA-ZMOF, and Na-ZMOF. Host
crystals were dried and exposed to 1-butanol vapor at room
temperature. Weight losses up to 150 °C of 2.13, 3.36, and
5.65 mol/mol were observed for HPP-, DMA-, and Na-
ZMOFs, respectively (Figure 1b). Considering the cation size
(Figure S4), it is consistent that the guest loading amounts
grew with increasingly larger pore size of the ZMOF materials
(relative pore sizes: HPP-ZMOF < DMA-ZMOF < Na-
ZMOF). Pore size distributions were obtained by analyzing
nitrogen adsorption isotherms using a density functional
theory (DFT) analysis method.” The N, isotherms measured
for these ZMOFs and the inferred pore size distributions
(PSD) were 9.2, 11.5, and 13.2 A for HPP-, DMA-, and Na-
ZMOF, respectively (Figures SS and Figure S6). The large size
of the cavities is the overall negative charge of the cavity
interior, so exchange and incorporation by cationic organic
molecules occurs mainly in the large cavity.”” Accordingly, the
observed difference in average measured pore size mainly
reflects the different size of the pore cavity rather than the pore
window.

For initial choice of guest molecule, we began with
coumarin, a fluorescent molecule whose neutral charge was
anticipated to produce minimal electrostatic interaction with
the net negative charge of the pores within which it migrated.
Its relatively small size, thickness of ~0.62 nm in the short
direction, was an additional reason to select this system. To
prepare samples, first the ZMOF crystals were soaked in a 1
nM DMEF solution of coumarin for 48 h; the crystals were then
rinsed with DMF several times. Confocal microscopy images
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showed that coumarin molecules became distributed homoge-
neously within the host crystals (Figure 1c).

The measurements employed fluorescence correlation
spectroscopy (FCS), a technique based on measuring
fluctuations in the number of fluorescent molecules within a
small illumination volume.”*"** From inspection of intensity—
intensity autocorrelation functions, translational diffusion
coefficient can be deduced. For three different hosts, the
autocorrelation curves in Figure 2a illustrate diffusion of
coumarin, the diffusion coefficient increasing almost exponen-
tially with increasing pore size (Figure 2b) but in every case
retarded by more than 2 orders of magnitude relative to this
molecule’s diffusion coefficient in DMF solution (375 um?
s7'). The same pattern holds for coumarin S40A, whose
hydrodynamic size is larger (~0.84 nm), whose electrical
charge is neutral, and for which rotational anisotropy
measurements presented below demonstrate that host—guest
interaction does not play a major role. For these dyes, the
influence of pore size dominates.

Exploring the role of electric charge, we compared the
diffusion of cationic fluorescent dyes 3,3-diethyloxacarbox-
yanine iodide (DOCI) and rhodamine 123 (Rho 123), which
experience electrostatic attraction to the anionic host frame-
works. Evaluated using ChemDraw, the molecular size of
DOCI is 0.97 nm in the long axis and 0.38 nm in the short
axis; for Rho 123, these numbers are 0.84 nm and 0.87 nm,
respectively. Both diffusants could enter all three ZMOF
frameworks as their size in the short axis is less than the pore
size, and we confirmed from fluorescence imaging that they
occupied the framework volume uniformly (Figure le,f). The
autocorrelation curves of DOCI were composed of two well-
separated components, fast and slow (Figure 2c), as can be
seen from inspecting residuals of fits (Figure 2c inset). Two-
component fitting was similarly needed for the other cationic
diffusant, Rho 123. Diffusion coefficients increased with
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Figure 2. (a) Intensity—intensity autocorrelation functions G(t),
normalized to unity at short times, plotted against lag time for the
electrically neutral molecule, coumarin, in HPP-ZMOF (black),
DMA-ZMOF (blue), and Na-ZMOF (orange). Lines through the
data are fits to the model of a simple, one-component diffusion
process. (b) The implied translational diffusion coefficients, divided
by diffusion coefficient (D,) in DMF, are plotted for coumarin (black)
and coumarin 540A (gray) in the three host systems. (c) For the
cationic molecule DOCI, normalized autocorrelation function G(t) is
plotted in the same host systems. Two-component diffusion is
needed, as illustrated by the inset showing the fit residual for one-
component (dotted line) and two-component (solid line) fitting of
the curve in HPP-ZMOF. (d) The implied two-component diffusion
coefficients (D), normalized to diffusion D, in DMF solution, for
DOCI (upper panel) and a second cationic molecule, Rho 123 (lower
panel), for HPP-ZMOF (black), DMA-ZMOF (blue), and Na-ZMOF
(orange).

increasing pore size, in qualitative agreement with findings for
the electrically neutral diffusants, but strikingly, despite having
similar diffusion coefficients in solution (DOCI of 282 ym?* s™!
and Rho 123 of 270 um?* s™! in DMF), this was violated inside
the MOF pores. Figure 2d shows that the skinnier molecule
diffused more rapidly.

We introduce the dimensionless ratio of cross-sectional areas
Ay/Ag in which Ag and Ay are the cross sections of the guest
molecule and host pore, respectively. The quantity Ag was
inferred from the square of the hydrodynamic radius by
measuring the diffusion coefficient in DMF and inferring the
hydrodynamic radius from Stokes” law, D = kzT/67nAg, where
kg is the Boltzmann constant, D the diffusion coefficient in
pure DMF, and 7 viscosity. These measurements gave R = 0.62
nm (coumarin), 0.80 nm (coumarin 540A), 0.84 nm (DOCI),
and 0.87 nm (Rho 123). Figure 3 plots D/Dy, the diffusion
coefficient normalized by its value in DMF solution, as a
function of this measure of geometrical confinement. We find
that diffusion of the neutral molecules (coumarin and
coumarin 540A) and the fast diffusion coefficient of the
cationic molecules (DOCI and Rho123) fall empirically on the
same power-law curve. The slow-component diffusion of the
cationic molecules appears to follow a power law with the same
slope, but slower by a factor of 3, where this slower process
presumably quantifies the intensity of electrostatic attraction to
the framework. It is striking that both curves appear to follow
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Figure 3. Diffusion coefficient D, normalized by diffusion coefficient
D, in DMF solution, plotted against the ratio of cross-sectional areas
of the diffusant and host pore, Ay/Ag, Ag and Ay, respectively, as
explained in the text. The diffusion of coumarin (gray) and coumarin
540A (blue) and the fast diffusion components of DOCI (solid black)
and Rho123 (solid green) fall on the same empirical power law with
slope 0.40. The slow component for DOCI (empty black squares)
and Rho123 (empty green circles) fall on the same empirical power
law but slower by a factor of 3.

the same power law with slope 0.4, but we offer at this time no
explanation of this number.

It is natural to anticipate that rotational diffusion might
similarly be influenced by confinement and electrostatic
interaction. Therefore, for deeper understanding, we measured
the time-resolved fluorescence anisotropy of these same guest
molecules after exciting them at 80 MHz with a femotosecond
laser. According to the usual method of this technique,
fluorescence decay was monitored parallel and perpendicular
to the excitation polarization, giving time-dependent fluo-
rescence I;(t) and I,(t), respectively, after excitation by a
vertically polarized laser beam. Panels a and b of Figure 4
compare raw data for a neutral molecule (coumarin) and a
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Figure 4. Fluorescence intensity decays of (a) coumarin and (b) Rho
123 in HPP-ZMOF. Polarized intensity in orthogonal directions (I},
parallel polarization; I,, perpendicular polarization) is plotted
semilogarithmically against time. (c) Time-resolved anisotropy
decay of dyes in HPP-ZMOF.
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charged molecule (Rho 123) in HPP-ZMOF, respectively, and
the difference is obvious to the eye. For the neutral molecule,
the intensities of parallel and perpendicular fluorescence nearly
coincide after only 10 ns, but not for the charged molecule.
Evidently, rotation of the charged molecule was hindered,
reflecting the influence of electrostatic attraction to the pores.

For quantification, Figure 4c shows the time-resolved
anisotropy plotted against time in HPP-ZMOF. Anisotropy r
is defined as

POR0
L) + 21,(t) (1)
For the neutral molecule (coumarin), regardless of the

ZMOF, all the decay curves are nicely consistent with a single-

exponential decay with time constant 7, the average rotational

correlation time. The single-exponential decay suggests free
rotation in the pore and no specific binding to the pore wall,
but it is slightly more rapid with increasing pore size (Table
$2) and 1 order of magnitude slower than for this same dye in
free DMF solution. This tendency is also observed for
coumarin 540A. Thus, not only translational diffusion but
also rotational diffusion is controllable by changing the
framework counterion. However, the charged molecules
show a biexponential decay instead (Figure 4c). The slower
rotational decay time increases to more than 20 ns, and this
value is also affected by confinement as the pore size decreases

(Table S2). These times, much slower than for the neutral

molecules, probably reflect electrostatic attraction to the host

framework, while the more rapid rotational decay times of the
charged molecules probably reflect molecules that are in less
intimate contact with the pore walls.

In summary, earlier important studies of ion-exchangeable
MOFs focused on their adsorption properties, while concerns
about guest mobility dwelt on macroscopic measurements such
as the rate at which guests could be loaded or removed. The
quantitative measurements presented here with the spatial
resolution of a diffraction-limited focused laser spot (~300
nm) have revealed that translational and rotational diffusion
vary with regularity according to pore size and guest charge.
The remarkably regular patterns described here may assist
rational improvement of various functions when molecular
guests are loaded into MOFs.
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