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J-dimer emission is an emergent property that occurs when pairs of ground state fluorophores associate,
typically in a dilute solution medium. The resulting fluorescence is shifted with respect to the monomer. J-
dimer emission, however, has never been observed in concentrated dispersions or in the solid state. We
posited that multivariate (MTV) MOFs with double interwoven structures would help to isolate these
dimers within their crystalline matrix. Using this strategy, J-aggregate density was controlled during
crystallization by following a substitutional solid solution approach. Here, we identified the presence of
J-dimers over the entire composition range for interwoven PIZOF-2/NNU-28 structures with variable
amounts of a diethynyl-anthracene aggregate-forming link. We produced bulk crystals that
systematically shifted their fluorescence from green to red with lifetimes (up to 13 ns) and quantum

yields (up to 76%) characteristic of mw—m stacked aggregates. Photophysical studies also revealed an
Received 14th February 2020 libri tant of dimerization, Kp = 1.5 + 0.3 M™%, enabling the first thermodynami tificati
Accepted 8th April 2020 equilibrium constant of dimerization, Kp = 1. . , enabling the first thermodynamic quantification

of link—link interactions that occur during MOF assembly. Our findings elucidate the role that

DOI: 10.1039/d0sc008762 supramolecular effects play during crystallization of MTV MOFs, opening pathways for the preparation of
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Introduction

The controlled organization of complex molecules in the crys-
talline solid-state can produce materials with emergent, unex-
pected physical properties that result from the synergistic
interactions that occur between the molecules in the assembly.'
Multivariate metal-organic frameworks (MTV MOFs)* are mate-
rials that enable this type of synthetic control, because they are
made by the self-assembly of metal oxide units with mixtures of
organic links. What is unique about this mixture is that the links
are isostructural,>® and contain complex moieties that can be
easily incorporated at varying concentrations, resulting in iso-
reticular materials that behave like substitutional solid-solutions
(SSS) of organic molecules. We previously demonstrated this
concept,”® by incorporating highly fluorescent and redox active
groups, allowing us to observe changes in bulk physical proper-
ties directly related to the active link and its concentration in the
MOF. In contrast, crystalizing the organic components by
themselves into purely organic solid solutions (not within a MOF
matrix), brings the challenges that are associated with organic
crystals, such as a lack of predictability in structure and type of
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solid-state materials with solution-like properties by design.

intermolecular interactions present, phase separation, and loss
of molecular properties.*>*

During our investigation on dilute fluorescent links in MTV
MOFs made with mixtures of fluorophore links, we found that
the bulk fluorescence was dependent on the concentration and
ratio of such fluorophores.” We observed that energy exchanges,
such as Forster resonance energy transfer (FRET) and self-
absorption, occur as a function of concentration and ratio of
links, producing materials that fluoresce as a combination of
the used links. Utilizing 7t-rich fluorophores, particularly those
that contain polycyclic aromatic hydrocarbons (PAH) moieties,
can take advantage of fluorescence changes that result from -
7 stacking, such as those observed in J-aggregates."* In these
aggregates, fluorescence shifts are the result of electronic
interactions between multiple emitters stacked in large oligo-
mers suspended in solution. A particular case of J-aggregates is
when the aggregation is limited to dimers (n = 2), whose
emission features are highly dependent on concentration,
typically in the dilute range (below 1 mM). To date, J-dimer type
emission is limited to solvated conditions, and has no practical
use due to the limitations in concentration.

In the following study, we explored the effects of flat, -rich
bis(phenylethynyl)anthracene fluorophore (Fig. 1a, aggregate
link) on the photophysical properties of MTV MOFs because: (1)
it is highly emissive,">** (2) in solution it forms aggregates,’*™*°
and (3) it has been previously used as a MOF linker in a double
interwoven MOF (NNU-28).>* We also chose a similar link that
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Fig.1 (a) The assembly of interwoven MTV MOFs that contain a mix of
structural and aggregate-forming links, results in the appearance of
fluorophore monomers (green) and t—m stacked dimers (orange). (b)
Fluorophore dimers highlighted in the crystal structure of NNU-28
(top) and in a simplified view (bottom). (c) Simplified Jablonski diagram
showing the energy split from the monomer to the dimer states the
two new high energy states represent excited states that can only be
accessed with a given dimer geometry, labeled as H and J states, for
transitions which are allowed for an H- and J-dimer respectively.

contains a xylene core (Fig. 1a, structural link), instead of the
anthracene, that is highly soluble, interacts poorly with itself
(no fluorescent shifts), and forms a PIZOF-2 MOF type. Both
NNU-28 and PIZOF-2 MOFs have the same net (fcu) consisting
of a double interwoven structure, where two individual frame-
works are mechanically interlocked inside each other. This
feature also produces isolated pairs of links that are in close
contact enabling their electronic interaction (Fig. 1b). We found
that a substitutional solid solution of structural and aggregate
links in an MTV MOF of NNU-28/PIZOF-2 results in materials
where the presence of J-dimers was observed over the entire
solid-solution range with emission shifts that directly correlate
to the equilibrium link-link interactions that occur during
crystallization.

The most characteristic feature of J-dimer emission is the
fluorescence shift that arises from changes in the electronic
structure of the fluorophore as a result of the m-m stacking.
According to the model proposed by Kasha in the dimer,* the
HOMO and LUMO levels of the monomer split into four new
levels that have two favourably allowed transitions (Fig. 1c): a high
energy H-band, observed through absorption; and a low energy J-
band, typically observed through emission. The observation of
these bands depend strongly on the orientation of the dye mole-
cules, with selections rules that exclude transitions when the
molecules are head-to-head (H-aggregate, no J-process observed)
or head-to-tail (J-aggregate, no H-process observed). Intermediate
orientations result in both transitions being partially allowed.
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Results and discussion
Synthesis and crystallography

The structural and aggregate links (Xy, An respectively Fig. 2a)
were both prepared according to literature procedures**?*?
utilizing a Sonogashira coupling of their respective aromatic
centerpiece with an alkynyl benzoate ester endpiece followed by
an ester hydrolysis (Section S27). The respective pure phase
MOFs were prepared by solvothermal conditions utilizing ben-
zoic acid or glycine (HCI) as an acid modulator (Section S27). It
is important to note that the differences in synthetic conditions
for the pure phase MOFs required unique conditions to achieve
crystalline material at intermediate An concentrations. The
MTV MOFs of An/Xy were prepared solvothermally by varying
the mole ratio of links, obtaining bulk powders with formula
Zr¢04(OH),[An,Xy; ,]¢ (Fig. 2a) over the entire composition
range. Samples are referred to as their x mol% content of An in
the MOF.

All of the samples exhibit high crystallinity with diffraction
features characteristic of PIZOF-2 and NNU-28. One interesting
difference between the two MOFs is in their crystalline struc-
ture. While most interwoven zirconium-based MOFs, such as
the Xy MOF, crystalize with cubic symmetry (space group Fd3m),
the An MOF crystalizes in a rhombohedral symmetry (space
group R3m). The change in space group symmetry from the
0 mol% An MOF to the 100 mol% An MOF is attributed to
a slight rearrangement in the interwoven frameworks with
respect to one another.”** The transition between phases was
observed via powder X-ray diffraction (PXRD) in the low
260 range: the 111 peak of the cubic phase splits into the 101 and
the 003 peaks of the rhombohedral phase (Fig. 2b). The phase
transition occurs between 50 and 60 mol% An. During our
preliminary investigations, we observed that both 60 and
70 mol% An crystalized as a mixture of phases (Fig. S36 and
S377). By adjusting the synthetic conditions to higher temper-
atures and utilizing a linear combination of acid modulators,
only the rhombohedral phase was observed. Once the bulk
crystalline powders were prepared, the output loading of the An
in each sample was determined. The output An : Xy ratio was
identified via fluorescence spectroscopy of digested MOF
samples (Section S4f), and showed that the input-output
incorporation (Fig. 2¢c) does not follow a linear trend throughout
the entire concentration range. We observed that in the dilute
region, a linear trend is observed up to 30 mol% An, slightly
plateauing as the solid solution composition approaches the
phase transition at 60 mol% An. After the phase transition, we
observed outputs with increased deviations, reaching 100%
incorporation at 80 mol% An input, likely due to strong link-
link interactions, as demonstrated by Yaghi.*® Despite higher
input-output variance at these high compositions, we observed
minimal discrepancies in the photophysical behavior.

Photophysical properties

Solid-state dimers were observed via diffuse reflectance UV-Vis
(DR-UV-Vis) and solid-state fluorescence. DR-UV-Vis confirmed
the presence of an H-dimer band with absorption at A ~ 375 nm

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) General synthesis of An containing MTV MOFs. (b) PXRD

patterns for the prepared MOFs with varied An concentration, indi-
cating the observed phases. (c) Input/output plot for the prepared
MOFs.

(Fig. 3a) that increased in intensity as a function of increased An
concentration, as well as a J-dimer band which follows a similar
trend at A = 550 nm, we are not excluding that this material
absorbs through an H-dimer process, and in actuality the
resulting photophysics are most likely due to an intermediate
geometry between H- and J- (vide infra).>** Solid state fluores-
cence, Aex = 415 nm (Fig. 3b), exhibited a J-dimer emission band
at A = 532 nm (1 mol% An) that shifted with concentration to 2
= 609 nm (100 mol% An), contrasting the monomer emission
peak of the An link (A = 515 nm). These observations show that
the dimers formed in the MOF are in an intermediate geometry
between H- and J-types.”*** Initial MOF samples with an An

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) DR-UV-Vis spectra of An containing MOFs indicating the

appearance of both H- and J-dimer bands with an increase in An
concentration. (b) Solid-state emission spectra of An MOFs (A¢, = 415
nm) as the fluorophore concentration increases from 1 to 100 mol%,
with an optical photograph of MOF powders under UV irradiation
(inset, Aex = 365 Nm) (c) spectral shift of An MOFs at varied An conti-
nent (orange symbols), compared to a model (green line) derived from
the dimerization equilibrium reaction (inset).
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loading between 1 and 30 mol%, while having identical PXRD
patterns, produced dimer emission profiles with notably
different An,.x with a large standard deviation (33 nm). This
variation may be due to strong clustering,” an occurrence in
MTV MOFs where the two species are not homogeneously
distributed in the framework. To circumvent the lack of pho-
tophysical reproducibility observed during standard synthetic
procedures and produce consistent emission profiles at these
low An concentrations, a small amount of o-dichlorobenzene (o-
DCB) was added to the reaction mixture. The addition of 0-DCB
attenuates -7 stacking interactions, allowing for a more
homogeneous linker distribution resulting in lowered standard
deviations of less than 1 nm in Ay ax.

The observation of H and J-dimer events in these MTV
MOFs is a result of the solid solution properties of the
material. In order to identify H and J-dimer features in the
linker itself we conducted a concentration-dependent study in
liquid solution, of the soluble diester form of the linker S1.
Under dilute conditions (<10 uM) monomeric emission is
observed, evidenced by two emission peaks at A = 490 and
520 nm and a relatively simple excitation profile (Fig. S77).
Increasing the concentration of $1 (10 <[S1] = 300 uM) results
in spectral changes characteristic of small oligomers
(i.e., dimers, trimers, and tetramers). These spectral changes
include self-absorption, due to spectral overlap between
absorption and emission (Fig. S22}), and H-band excitation.
The excitation peak associated with the H-band is observed at
420 nm and increases in relative intensity with increasing S1
concentration (Fig. S8-S127). Further increasing the concen-
tration of S1 (>300 puM) results in a bathochromic shift in
emission with a sharp decrease in emission intensity
(Fig. S21%) due to the formation of larger aggregates (n > 2),
which allow for more rapid vibrational relaxation and
a smaller HOMO-LUMO gap. To differentiate this liquid
solution-based aggregate formation from excimer emission,
the same samples were studied at 77 K. By flash freezing the
samples, we did not observe dimer emission, but instead
excimer emission, apparent from the greater stokes shift
(Aemission = 600 nm) and the lack of change in the excitation
profile with concentration (Fig. S14-S197). These observa-
tions indicate that the solid state MOF exhibits the same
liquid-solution aggregate emission, but in the case of the
MOFs, the aggregation is restricted to dimers.

To determine if the observed solid-state spectral shifts in
the MOF are due solely to dimer emission and not larger
aggregates, fluorescence shift (A4 with respect to monomer
emission) was studied. By relating the peak emission shift in
the MOF vs. output concentration (Fig. 3c) it was possible to
calculate the equilibrium constant of dimerization, Kp, for the
prepared MOFs, based on a non-linear least squares regression
model (Section S11).2%*” The larger this equilibrium constant,
the more readily the compound dimerizes; in liquids this is
often met with a smaller observable range as the model cannot
be used once trimers are formed. In our solid MTV MOF
system, Kp was found to be 1.5 & 0.3 M™%, at least 3 orders of
magnitude larger than other fluorescent dyes in solution, such
as rhodamine G6, which has a Kp, of 0.0019 M~ ! in water.?628-3°
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We speculate that the interwoven crystal structure of the MOF
allows for a much higher local concentration of dimers. It is
noteworthy that a broader concentration range for dimer
formation could be achieved, 1.2 M vs. 1 mM,*® due to the
structure of the MOF preventing trimers and other higher order
complexes to form.

The link-link interactions in the prepared MOFs induced
further changes to the emission quantum yield and lifetime,
depending on the total fluorophore concentration (Fig. 4). The
absolute quantum yield of 1 mol% An was found to be 0.749 +
0.003. This large quantum yield is slightly lower than that of
the model compound, 9,10-bis-(phenylethynyl)anthracene
(BPEA), which has a quantum yield of 0.87 in cyclohexane.">™*
This slight decrease maybe attributed to the electron with-
drawing nature of the carboxylic acid groups attached to the
outside phenyl rings and their interactions with the metal
oxide cluster. Increasing the concentration of An thru 50 mol%
results in a stark decease to 0.047 £ 0.004, perhaps due to
intermolecular effects such as self-absorption. Upon under-
going the phase transition to the rhombohedral phase there is
a modest increase in quantum yield attributed to a more
preferential overlap between An molecules, which then
decreases back to 0.047 £ 0.005 as the An loading increases to
80 mol%. This overall decay in the quantum yield was expected
as inner filtering and other non-radiative pathways become
more prevalent at such high concentrations. Unlike the
quantum yield, the trend of the lifetimes (Fig. 4 inset) proved
more complex. 1 mol% An had a lifetime of 3.0 & 0.1 ns which
is similar to the literature values 3.2 ns for BPEA in methyl
cyclohexane™ or 3.4 ns in a polymer film.** Interestingly,
a significant increase in lifetime is observed from 5 to 30 mol%
An. The increase in lifetime from 3.2 ns to 13 ns is attributed to
dilute dimer formation at these lower concentration samples
(<40 mol% An), as the excited state is stabilized by the
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Fig. 4 Measured quantum yields and lifetimes (inset) of triplicate
samples at given An input concentrations of An MOFs (dotted line used
as a visual guide).
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formation of the dimer and the highly rigid nature of the MOF.
Previous research has demonstrated how solvent viscosity
plays a crucial role in dimer lifetime®*** and in a MOF matrix,**
the crystalline lattice results in a more rigid environment while
retaining some molecular motion.** As the dimer concentra-
tion increases further; however, trapping can occur when
another excited state (trap state) has a similar energy to the
excited state with a relatively small energy barrier between the
two states. This allows for an S; to trap state transition at
ambient conditions which then allows for more rapid vibration
relaxation.*” Although this results in a decrease in quantum
yields and lifetimes, approaching 6.6 ns for 80 to 100 mol% An,
it is still longer lived than the original 1 mol% An. As such, the
MTV MOFs presented give insight to the photophysical effects
from link-link interactions in a MOF matrix by facile spectro-
scopic characterization.

Conclusions

In this work we demonstrate-for the first time-that by varying
the amounts of m-rich fluorophores within interwoven MTV
MOFs results in the observation of J-dimer emission. By
measuring the photophysical effects as a function of concen-
tration, we identified fluorescence shifts that are consistent
with 7- stacked dimers, enabling quantification of link-link
interactions that occur during crystallization. Our work
demonstrates that MTV MOFs that follow a SSS behaviour can
be utilized as materials that produce emergent properties with
increased complexity and a high degree of synthetic control.
This insight into the crystallization process can also help future
endeavours in structure-property relationships for the design of
advanced materials.
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