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ABSTRACT: Metal—organic frameworks (MOFs) are porous,

OH

crystalline materials constructed from organic linkers and inorganic cogt MNOgxHzO o

nodes with potential utility in gas separation, drug delivery, ————> CORN-WOF-1 ——— Ma(dobdo)
sensing, and catalysis. Small variations in the MOF synthesis "¢ 1, O o 120m0re

conditions can lead to a range of accessible frameworks with

divergent chemical or photophysical properties. New methods to = . G0y,

controllably access phases with tailored properties would broaden f » 5

the scope of MOFs that can be reliably prepared for specific
applications. Herein, we demonstrate that simply increasing the
reaction concentration during the solvothermal synthesis of
M,(dobdc) (M = Mg, Mn, Ni; dobdc*” = 2,5-dioxido-1,4- ;
benzenedicarboxylate) MOFs unexpectedly leads to trapping of a Mdgodtzaoedc) O e Mdz(dobac)
new framework termed CORN-MOF-1 (CORN = Cornell

University) instead. In-depth spectroscopic, crystallographic, and computational studies support that CORN-MOF-1 has a
structure similar to that of M,(dobdc) but with partially protonated linkers and charge-balancing or coordinated formate groups in
the pores. The resultant variation in linker spacing causes CORN-MOF-1 (Mg) to be strongly photoluminescent in the solid state,
whereas H,dobdc and Mg,(dobdc) are weakly emissive due to excimer formation. In-depth photophysical studies suggest that
CORN-MOF-1 (Mg) is the first MOF based on the H,dobdc®" linker that likely does not emit via an excited-state intramolecular
proton transfer (ESIPT) pathway. In addition, CORN-MOF-1 variants can be converted to high-quality samples of the
thermodynamic M,(dobdc) phases by heating in N,N-dimethylformamide (DMF). Overall, our findings support that high-
concentration synthesis provides a straightforward method to identify new MOFs with properties distinct from known materials and
to produce highly porous samples of MOFs, paving the way for the discovery and gram-scale synthesis of framework materials.
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Bl INTRODUCTION error basis, contributing to the perception that their synthesis
remains a “black box”.*~"°

To ensure phase purity, MOFs are typically prepared under
thermodynamic control, which involves synthesis under dilute
solvothermal conditions at high reaction temperatures to
maximize the reversibility of framework self-assembly.®
Unfortunately, the large solvent volumes required for tradi-
tional solvothermal synthesis necessitate the use of liters of

solvent to produce grams of MOF, contributing greatly to the
11

Selectively isolating a single phase with tailored properties
from a reaction mixture in which multiple phases can form is a
fundamental challenge in materials synthesis. This challenge is
illustrated by metal—organic frameworks (MOFs), which are
porous crystalline materials constructed from polytopic organic
linkers and inorganic nodes with potential utility for chemical
separations, catalysis, drug delivery, sensing, and beyond.'™*
Because metals can form multiple nodes and linkers can access
distinct protonation states or coordination modes, many
frameworks can potentially form from the combination of a
given metal salt and linker."~® As such, small variations in the Received: August 20, 2023 Lo
synthesis conditions can lead to drastically different reaction Revised:  October 27, 2023
outcomes. Controlling the topology of a framework is critical, Accepted:  October 27, 2023
as small changes in the framework architecture can have a Published: November 20, 2023
profound influence on physical properties. Due to these

limitations, MOF syntheses are often optimized on a trial-and-

cost of MOFs on scale and generating significant waste.
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High-concentration solvothermal synthesis would enable MOF
production with reduced solvent use, but mixtures of phases'”
or low-quality materials'>™'® are generally obtained under
these conditions; successful syntheses of porous, phase-pure
MOFs under high-concentration conditions (>0.25 M in
linker) without seeding remain remarkably rare.'” > Concen-
tration-dependent selection between distinct MOF phases has
also not been reported to date.

The MOF-74, CPO-27, or M,(dobdc) (M = Mg, Mn, Fe,
Co, Ni, Cu, Zn, Cd; dobdc*™ = 2,5-dioxido-1,4-benzenedi-
carboxylate) family of frameworks embodies the aforemen-
tioned synthetic challenges (Figure 1).”'7>* These materials

OH
MX,
COH  pMF/ROH
—
HO,C (0.01 M]
OH
H4dobdc

MOF-74 or M,(dobdc)
M = Mg, Mn, Fe, Co,
Ni, Cu, Zn, Cd

Figure 1. Standard synthesis of M,(dobdc) under dilute solvothermal
conditions (concentration of the linker shown). R = alkyl, H.

represent a canonical family of frameworks due to their
promise for chemical separations,”>*® gas storage,”> and
catalysis,””*® yet they are typically prepared under dilute
solvothermal conditions (~0.01 M). In addition, variations in
solvent, temperature, metal precursor, and other synthesis
parameters have been shown to produce a range of different
Mg~ Mn,**" Ni® Co,**' Cu,2® and Zn""* phases.
Notably, some of these frameworks exhibit detectable
photoluminescence (PL) in the solid state, 27 731/393648
demonstrating that small changes in the linker protonation
state or spatial orientation can have a profound effect on
framework photophysical properties. A critical barrier to
predicting the preferred phase(s) is a lack of chemical insight
into the processes underpinning M,(dobdc) self-assem-
bly.”**=>" For example, while stepwise linker deprotonation
(H,dobdc — H,dobdc®™ — dobdc*") through distinct phases
has been established under mechanochemical conditions with
basic metal precursors,”>* its general role in M,(dobdc)
formation under solvothermal conditions remains unclear.'>*’

Herein, we demonstrate that increasing the linker concen-
tration in M,(dobdc) (M = Mg, Mn, Ni) syntheses induces the
clean formation of a new microporous phase,
M,(HCO,),(H,dobdc) or CORN-MOF-1 (CORN = Cornell
University), with partially protonated linkers. To the best of
our knowledge, this represents the first example of a phase-to-
phase transition induced by changing only the concentration of
a MOF synthesis. Moreover, CORN-MOF-1 (Mg) is intensely
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Figure 2. (a) Synthesis of Mg,(dobdc) and/or CORN-MOF-1 (Mg) at varying linker concentrations. (b) PXRD patterns at increasing reaction
concentrations. Transition from Mg,(dobdc) (dashed gray lines) to CORN-MOF-1 (Mg) (pink circles) is indicated. The pattern corresponding to
the previously reported SCXRD structure of Zn,(dobdc) is included for reference (black). (c) SEM image of CORN-MOF-1 (Mg) synthesized at
0.15 M with stirring. (d) SEM image of Mg,(dobdc) synthesized at 0.01 M without stirring.
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photoluminescent in the solid state while H,dobdc and
Mg,(dobdc) are nearly nonemissive. In-depth photophysical
studies suggest that this is due to nonradiative excimer
formation in H,dobdc and Mg,(dobdc) that is absent in
CORN-MOF-1 (Mg). As such, our work demonstrates that
high-concentration solvothermal synthesis provides a straight-
forward avenue to reduce the amount of solvent required to
prepare MOFs, isolate new phases that provide mechanistic
insight into MOF formation, and discover new materials with
distinct (photo)physical properties compared with known
thermodynamic phases.

B RESULTS AND DISCUSSION

High-Concentration Synthesis of CORN-MOF-1 (Mg).
Owing to its high density of coordinatively unsaturated Mg**
sites and low molecular weight, Mg,(dobdc) exhibits high
adsorption capacities for many gases.zz’zs’53 As such, it is a
promising material for applications in chemical separations and
gas storage.””***> Decreasing the volume of solvent required
to prepare high-quality Mg,(dobdc) would facilitate its gram-
scalable synthesis, especially by nonspecialists.'”> However,
previous reports suggest that even a slight increase in the
Mg, (dobdc) synthesis concentration (up to 0.05 M in linker)
without stirring leads to a mixture of nonporous phases.'”
Therefore, we asked the following question: can Mg,(dobdc)
actually be synthesized at high reaction concentrations?

Solvothermal syntheses of Mg,(dobdc) in an 18:1:1 mixture
of N,N-dimethylformamide (DMF), ethanol (EtOH), and
H,0 at 120 °C for 24 h™> were carried out at linker
concentrations ranging from 0.01 to 1.50 M with 2.50 equiv of
Mg(NO;),-6H,0 at every concentration (Figure 2a,b,
Supporting Information or SI Figure S1, see SI Section 3 for
details). Notably, vigorous stirring (700 rpm) was required to
produce samples free from inorganic impurities, such as
Mg(HCO,),.

At H,dobdc concentrations between 0.01 and 0.05 M,
phase-pure Mg,(dobdc) was obtained, as confirmed by
comparison of the PXRD pattern to that simulated from the
single-crystal X-ray diffraction (SCXRD) structure of
Zn,(dobdc).*® Intriguingly, simply increasing the linker
concentration to 0.08 M led to contamination of Mg,(dobdc)
with a new phase, which we term as CORN-MOF-1 (Mg). We
hypothesize that CORN-MOF-1 (Mg) is a kinetic phase
closely related in structure to Mg,(dobdc).'”** Indeed, higher
reaction temperatures (140—160 °C) were found to favor
Mg,(dobdc) over CORN-MOF-1 (Mg) at an intermediate
linker concentration of 0.08 M (SI entry Figure S31). The
PXRD pattern of this material does not match any known
crystalline phase constructed from Mg** ions and H,dobdc*”
or dobdc*™ linkers (SI Figure S2). At reaction concentrations
between 0.10 and 1.50 M, only phase-pure CORN-MOF-1
(Mg) is obtained. The transition from Mg,(dobdc) to CORN-
MOF-1 (Mg) was also evident by scanning electron
microscopy (SEM) (Figure 2c,d). Hexagonal needles/rods
characteristic of M,(dobdc) materials® were obtained at low
concentrations (Figure 2d), whereas hexagonal plates corre-
sponding to CORN-MOF-1 (Mg), along with other less well-
defined crystallites, were obtained at higher reaction
concentrations (Figure 2c, SI Figure S13). This synthesis
could be reproducibly carried out on a 15 mmol scale using
only 10 mL of organic solvent to yield >5 g of CORN-MOF-1
(Mg) in a single batch (SI Figure S3). Notably, the same phase
change was observed in 1:1 DMF:methanol (MeOH), another
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solvent system commonly used to prepare Mg,(dobdc)
analogues,”” as confirmed by PXRD and SEM (SI Section
6). These results indicate that a clean phase change from
Mg,(dobdc) to CORN-MOF-1 (Mg) is generally favored at
high reaction concentrations.

Due to the unusual conditions under which CORN-MOF-1
(Mg) forms—high reaction concentrations with vigorous
stirring—we have been unable to grow sufficiently large
crystals of this material to enable structural elucidation by
SCXRD. Attempts to determine the structure of CORN-MOEF-
1 (Mg) via electron diffraction were only partially successful
(SI Section 16). The collected reflections match well to those
observed by PXRD, but only a partial data set could be
collected due to the anisotropic nature of the platelike crystals
of CORN-MOF-1 (Mg) (Figure 2c). Therefore, the structure
of this MOF was interrogated using PXRD (Figure 3) and a
host of spectroscopic and analytical methods (Figure 4).
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Figure 3. Pawley refinement of the PXRD pattern (1 = 1.5406 A) of
CORN-MOF-1 (Mg). The shown fit corresponds to the R3 space
group with a = 27.612(2) and ¢ = 7.2853(3) A. R,, = 3.85%. The
black dots indicate calculated Bragg peak positions.

Pawley refinement of the PXRD pattern of CORN-MOF-1
(Mg) prepared at a reaction concentration of 0.1 M revealed
that it could be fit well (R, = 3.85%) as a single phase in the
R3 space group (the same space group as Mg,(dobdc)) with a
=27.612(2) A and ¢ = 7.2853(3) A (Figure 3, SI Section 18).
We note that the R3, R3, R32, R3m, and R3m space groups
cannot be differentiated using PXRD alone. These unit cell
parameters are similar to those previously reported for
Mg,(dobdc) (R3, a = 25.865(4) A, ¢ = 6911(1) A)>® but
slightly expanded in a and ¢, which accounts for the lower-
angle first reflection of CORN-MOF-1 (Mg) compared to
Mg,(dobdc) (Figure 2b). Similar parameters were determined
for samples prepared at reaction concentrations of 0.2 and 1.5
M (SI Section 18).

We have consistently observed that the lowest angle
reflection in the PXRD pattern of well-activated M,(dobdc)
frameworks (20 ~ 6.8°), which corresponds to the (210)
plane, is the most intense reflection (see Figure S28 for an
example). Accordingly, this plane contains a large portion of
the linker molecules. In contrast, the most or second-most
intense reflection in the PXRD pattern of CORN-MOF-1
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Figure 4. (a) ATR-IR spectra of Mg,(dobdc) and CORN-MOF-1 (Mg). (b) 77 K N, adsorption (closed circles) and desorption (open circles)
isotherms of activated CORN-MOF-1 (Mg). Inset: DFT-calculated pore size distribution of CORN-MOF-1 (Mg), assuming a cylindrical pore
shape with a metal oxide surface. (c) 'H and (d) CP '*C MAS SSNMR spectra of Mg,(dobdc) and CORN-MOEF-1 (Mg). All SSNMR data were

collected at a field strength of 9.4 T and an MAS rate of 25 kHz.

(Mg) is generally observed at 20 ~ 12.8°, which corresponds
to the (101) plane. The (420) reflection is found on the right
shoulder of this reflection and may contribute to its overall
intensity, but its contribution is likely minimal because their
combined peak shape is that of a well-defined single reflection
originating from the (101) plane. In the R3 space group, the
(101) plane is roughly perpendicular to the ¢ axis and the
(210) plane is parallel to it, meaning that in Mg,(dobdc), the
(101) plane includes the pore volume and the (210) plane
draws a narrow line through it. As such, this qualitative
argument indicates that CORN-MOF-1 (Mg) likely contains
significant electron density within the framework pores (i.e.,
more atoms in the (101) plane) that is absent in Mg,(dobdc).
Unfortunately, the disordered nature of this electron density
precludes an exact structure solution by PXRD.

In order to gain further insight into the chemical species
occupying the pores of CORN-MOF-1 (Mg), this material was
characterized by attenuated total reflectance infrared (ATR-
IR) spectroscopy after extensive washing to remove residual
DMF from the pores (Figure 4a, SI Figure S4 and Table S2).

10089

CORN-MOF-1 (Mg) contains an additional carbonyl C=0
stretch (1655 cm™) that is absent in Mg,(dobdc). The same
C=0 stretch (1644 cm™') was observed by transmission IR
after activation of CORN-MOF-1 (Mg) under a vacuum (SI
Figure S5), suggesting that it does not correspond to trapped
solvent. Based on its frequency,59 we hypothesize that this
additional carbonyl stretch is due to formate (HCO,).
Indeed, acidic digestion of CORN-MOF-1 (Mg) reproducibly
yielded a 1:2 mixture of H,dobdc and formic acid, as
confirmed by solution-state 'H and "*C NMR (SI Figures
S6—S8). Residual DMF was not detected nor was a significant
amount of HCO,H observed in an acid-digested sample of
Mg,(dobdc) prepared under traditional solvothermal con-
ditions (SI Figure S8). Accounting for charge-balancing and
the observed formate:linker ratio, these findings are consistent
with a potential (desolvated) molecular formula of
Mg,(HCO,),(H,dobdc) for CORN-MOF-1 (Mg). Combus-
tion elemental analysis of this material yielded C (32.09%) and
H (3.49%) values that are in reasonable agreement with the
molecular formula Mg,(HCO,),(H,dobdc)(H,0), (32.39%

https://doi.org/10.1021/acs.chemmater.3c02121
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C, 2.72% H), assuming partial hydration under ambient
conditions (SI Table S3). This molecular formula would
indicate that the phenols of the linker are protonated in
CORN-MOF-1 (Mg), with charge-balancing or coordinated
formate groups in the pores. The observed formates likely
result from DMF decomposition during MOF formation.”’
Consistently, CORN-MOF-1 (Mg) could be prepared in N,N-
diethylformamide but not in N,N-dimethylacetamide at any
concentration (SI Figures S36 and S37).

The presence of additional species within the pores of
CORN-MOF-1 (Mg) is further supported by N, adsorption
measurements at 77 K (Figure 4b). Soaking as-synthesized
CORN-MOF-1 (Mg) in MeOH and dichloromethane enabled
its desolvation under a high vacuum at 30 °C without
significant loss in crystallinity (SI Figure S12). The 77 K N,
adsorption/desorption isotherms of CORN-MOF-1 (Mg)
confirm that it is microporous, with Brunauer—Emmett—
Teller (BET) and Langmuir surface areas of 403 and 479 + 1
m?/g, respectively (Figure 4b, SI Figures S9 and S10). CORN-
MOF-1 (Mg) is the highest surface area Mg-based MOF
containing H,dobdc?™ linkers that has been reported to date
(SI Table S11). The BET surface area of this material is
smaller than that reported for Mg,(dobdc) (1743 m?/g).>*
Likewise, the density functional theory (DFT)-calculated pore
size distribution of CORN-MOF-1 (Mg) assuming a
cylindrical pore shape with a metal oxide surface is ~9.9 A
(Figure 4b inset, SI Figure S11), which is smaller than the
crystallographically determined pore aperture of Mg,(dobdc)
(11 A)>® Together, these findings support the idea that
CORN-MOF-1 (Mg) possesses smaller guest-accessible pores
than Mg, (dobdc), likely due to partial pore-filling by formate
groups.

The presence of additional charge-balancing formate groups
in CORN-MOF-1 (Mg) was corroborated by magic angle
spinning (MAS) 'H and cross-polarized (CP) "*C solid-state
NMR (SSNMR) spectroscopies (Figure 4c,d, SI Section 14).
As expected, the 'H and *C MAS SSNMR spectra of
Mg,(dobdc) and CORN-MOF-1 (Mg) possess several
resonances that can be assigned to the aromatic linker.
Additionally, the 'H and *C MAS SSNMR spectra of CORN-
MOF-1 (Mg) contain resonances at 9 and 164 ppm,
respectively, that are absent from the corresponding spectra
of Mg,(dobdc). These resonances can be assigned to the extra
formate groups in CORN-MOF-1 (Mg).° The 'H MAS
SSNMR spectrum of CORN-MOF-1 (Mg) contains another
additional resonance at 11.6 ppm, which likely corresponds to
phenol groups on the linker.”” Together with the IR and
PXRD data, the SSNMR spectra suggest that CORN-MOF-1
(Mg) is structurally similar to Mg,(dobdc) but with additional
formate groups in the pores along with partially protonated
linker molecules.

Further mechanistic studies support the presence of
protonated phenols and charge-balancing formate groups in
CORN-MOF-1 (Mg) (SI Section 6). The addition of acid
(benzoic, acetic, or pivalic acid) to the standard Mg,(dobdc)
synthesis conditions was found to induce the formation of
CORN-MOF-1 (Mg) at a relatively low concentration of 0.05
M (SI Figure S38). This is consistent with one of the expected
consequences of increasing the reaction concentration, which
is to decrease the amount of basic N,N-dimethylamine
generated in situ from DMF decomposition (relative to the
linker), and with previous studies suggesting that H,dobdc is
deprotonated stepwise during the self-assembly of
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M,(dobdc)."”** The addition of acid likely consumes some
of the generated N,N-dimethylamine, favoring partially
deprotonated H,dobdc*™ (as in CORN-MOF-1) over fully
deprotonated dobdc*™ (as in MOF-74).

First-principles DFT calculations were carried out to
evaluate potential structures for CORN-MOF-1 (Mg) (SI
Section 17). A structural model in which each Mg** center is
bound by one bidentate and one bridging formate group
(structure A, SI Figure S97) shows the best match to the
experimental SSNMR and IR data but a poor match to the
experimental PXRD data (SI Figures $99—S101), suggesting
that this model accurately reflects the chemical environment of
the formates but not their spatial arrangement in the MOF.
The mismatch between the experimental and predicted PXRD
data may also originate from disordered solvent and/or ligand
molecules present in the pores. The disordered pore
environment of CORN-MOF-1 (Mg) hinders structural
modeling and elucidation by PXRD and remains an active
area of investigation in our groups.

Photophysical Analysis of H,dobdc, CORN-MOF-1
(Mg), and Mg,(dobdc). The presence of partially protonated
linkers in CORN-MOF-1 (Mg) should make this material
photoluminescent in the solid state. The H,dobdc?~ linker has
been used to prepare a range of photoluminescent MOFs,
which are generally proposed to emit via an excited-state
intramolecular proton transfer (ESIPT) pathway (Figure
§10).29731,35:36,48,63-66 Consistently, CORN-MOF-1 (Mg)
fluoresces intensely upon irradiation with UV light in the
solid state, whereas Mg,(dobdc) and H,dobdc emit only
weakly (Figure Sa). This initial observation demonstrates how
subtle changes in MOF structure—stemming from a simple
increase in the synthesis concentration—can significantly
modulate MOF photophysical properties. Notably, CORN-
MOF-1 (Mg) possesses a BET surface area (403 m”/g) higher
than those of all reported photoluminescent MOFs con-
structed from the H,dobdc*™ linker (Table S10). In addition,
these alternative photoluminescent phases are typically
identified by laboriously changing the metal salt, solvent,
reaction temperature, and synthesis time (Table S10), whereas
CORN-MOF-1 can be obtained by a simple change in the
reaction concentration. To understand why CORN-MOF-1
(Mg) fluoresces strongly in the solid state but Mg,(dobdc) and
H,dobdc do not, detailed PL measurements were carried out
(Figures 6 and 7, SI Section 15).

We acquired steady-state PL spectra of H,dobdc and the
two MOFs dissolved or suspended in a range of solvents to
evaluate the potential role of the ESIPT pathway (Figure 6a—
c). As expected, the PL line-shape of H,dobdc is highly solvent
dependent, consistent with the ESIPT mechanism (Figure 6a,
see SI Section 1S for further discussion). Crucially, there are
no such changes in the UV—vis absorption line-shape across
this series, supporting that solvent polarity and hydrogen-
bonding ability predominantly affect the excited state (i.e., not
the ground state) of this molecule (SI Figure S80 and S81).
For Mg, (dobdc) suspended in various solvents, the weak PL is
essentially independent of solvent polarity—except for MeOH
or H,0, in which the MOF fully or partially degrades (Figure
6b, SI Figure $79). This result is expected as Mg,(dobdc) does
not have free phenols and thus cannot emit via an ESIPT
pathway. Surprisingly, the emission of CORN-MOF-1 (Mg) is
similarly solvent-independent (Figure 6¢). This suggests that
the strong PL either does not occur via ESIPT or that the
phenol groups are not accessible to solvent molecules,
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Figure S. (a) Visual comparison of H,dobdc (left), CORN-MOF-1
(Mg) (center), and Mg,(dobdc) (right) upon irradiation with UV
light (230 nm), confirming the uniquely strong solid-state photo-
luminescence of CORN-MOF-1 (Mg). (b) Relative PL intensities of
CORN-MOF-1 (Mg), Mg,(dobdc), and H,dobdc powder.

potentially because they are blocked by formates (see Section
S1S for further discussion). Notably, CORN-MOF-1 (Mg)
also (partially) degrades in MeOH and H,O (SI Figures S79,
S104), precluding the collection of reliable PL data in these
solvents.

We evaluated the temperature-dependent PL using a gated
intensified CCD camera with a 480 ps resolution (Figure 6d—
f). Unlike common single-wavelength techniques such as time-
correlated single photon counting, this approach permits
sensitive, direct detection of the full PL spectral evolution over
the decay lifetime.”” The strong emission of H,dobdc in
solution is quenched in the solid state (Figure S).
Intermolecular interactions evidently prevent the ESIPT
mechanism, and rapid nonradiative decay dominates in solid
H,dobdc. This effect is manifested spectrally as a rapid
transition into a weak, red-shifted state. The relative strength of
this emission is significantly increased upon cooling (Figure
6d), indicating a suppression of a major nonradiative decay
channel. This behavior is typical of excimers.”® The same basic
behavior—fast conversion into a red-shifted excimer state—is
observed in Mg,(dobdc) powder as well (Figure 6e),
indicating that the nonemissive nature of this MOF stems
from rapid quenching into a dark excimer. The degree of red-
shift in the excimer is smaller in Mg,(dobdc) than in H,dobdc
powder, indicating that intermolecular interactions are weaker
in Mg,(dobdc). This is likely due to the larger spacing between

10091

linkers in the porous MOF compared to that in the dense
H,dobdc solid (SI Figure S85). The excimer in Mg,(dobdc)
also progressively blue-shifts on cooling. This effect has
previously been observed in molecular films and is linked to
the charge-transfer character of the excimer,”® although its
detailed origin remains unclear. No change in the prompt PL is
observed at lower temperatures in either case. In contrast to
both of these materials, the steady-state PL of CORN-MOF-1
(Mg) is essentially temperature-independent (Figure 6f),
indicating that excimers do not play a major role in the
photophysics of this material.

These observations are supported by an analysis of the decay
lifetimes and detailed spectral evolutions (Figure 7). In THF
(0.1 mM), H,dobdc exhibits single-component exponential
decay, consistent with the ESIPT mechanism (Figure 7a, see SI
Figure S83 for other solvents). Both H,dobdc powder and
Mg,(dobdc) demonstrate two-component exponential decay,
with a faster and a slower time constant relative to the free
linker (Figure 7a, Table S9). Consistent with our assignment
above and with previous reports,”’ "> we assign the faster time
constant to quenching of the S, — S, emission, while the
longer lifetime corresponds to emission from an excimer. The
significantly shortened 7, in Mg,(dobdc) and H,dobdc powder
explains why these samples do not visually appear bright under
UV irradiation. This rapid decay is accompanied by a clear red-
shift and peak broadening, hallmarks of excimer formation in
Mg,(dobdc) and H,dobdc powder (Figure 7b,c). This
transition is better resolved in H,dobdc powder than in
Mg,(dobdc) because the excimer formation process is slower
in H,dobdc than in Mg,(dobdc) (Table S9). Excimer
formation is common in pure organic films/powders, and the
close packing of dobdc*™ linkers in Mg,(dobdc) likely accounts
for excimer formation in this material (SI Figure §85).247*
Together, these photophysical data support that excimer
formation quenches the PL of Mg,(dobdc) and H,dobdc
powder and that dissolving H,dobdc prevents excimer
formation and allows for bright emission via an ESIPT
mechanism.

Importantly, these features of excimer formation are entirely
absent in the time-resolved PL spectra of CORN-MOF-1 (Mg;
Figure 7d). Instead, we observe the same spectral shape from
initial excitation out to longer time scales. In this sense, the
spectral features of CORN-MOF-1 (Mg) most closely
resemble those of dissolved H,dobdc (Figure S$82). Because
CORN-MOF-1 (Mg) does not show any evidence of excimer
formation, the spacing of linker molecules must be far enough
apart on average for it to behave like a network of
noninteracting linker molecules.’® Thus, the emission mech-
anism of CORN-MOF-1 (Mg) is fundamentally different from
all other reported H,dobdc*"-based MOFs (Table S10). The
nonsingle component decay kinetics reflect disorder in the
environment of the emitting molecules, for instance due to
defect or surface sites or variable coupling of the protonated
linker molecules to formates within the pores. The PL decay
curve for CORN-MOF-1 (Mg) can be equally fit to a stretched
exponential function, indicating only a small degree of
energetic disorder (Figure S86). However, anisotropy meas-
urements show no resolvable energy transfer, in line with a lack
of spectral diffusion during PL decay (SI Figure S87).

In addition to the rapid dynamics observed in these MOFs,
blue-shifted emission was also detected on much longer time
scales (SI Figures S86—S89). This emission is extremely weak
and could possibly arise from upconversion in the MOFs. This
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Figure 6. (a) Normalized, solvent-dependent PL spectra for H,dobdc (0.1 mM). Normalized, solvent-dependent PL spectra for suspensions (1
mg/mL) of (b) Mg,(dobdc) and (c¢) CORN-MOF-1 (Mg). (d) Spectral slices of the H,dobdc powder time-resolved PL capturing prompt
emission (0 ns) and delayed excimer emission (S ns) as a function of temperature. (e) Equivalent spectral slices of the Mg,(dobdc) time-resolved
PL capturing prompt (0 ns) and delayed excimer (3 ns) emission. Temperature-dependent spectra for H,dobdc and Mg,(dobdc) are normalized to
the prompt PL signal to demonstrate how the excimer PL intensity increases at a lower temperature due to the suppressed nonradiative decay.
Time zeroes were set at the point of maximum PL intensity, and gate widths of 1 ns were used. (f) Normalized, temperature-dependent steady-state
PL of CORN-MOF-1 (Mg). THF = tetrahydrofuran, iPrOH = isopropyl alcohol, and rt = room temperature (295 K).

phenomenon remains an active area of investigation in our
groups.

Overall, these findings support that high-concentration
synthesis provides a straightforward means to “turn on” the
PL of M,(dobdc) derivatives.””*"*>*® The rare combination
of porosity and strong solid-state fluorescence in a Mg-based
MOF (Table S10) makes CORN-MOEF-1 (Mg) well-suited for
applications in sensing and solid-state lighting that are not
available to the parent Mg,(dobdc).”>~"”

Conversion of CORN-MOF-1 to M,(dobdc). Our
structural and photophysical studies thus far indicate that
CORN-MOF-1 (Mg) is akin to partially formed Mg,(dobdc),
with the linker phenol groups protonated and charge-balancing
and/or coordinating formate groups in the pores. Previous
studies have detected phases with H,dobdc®™ linkers during
MOF self-assembly, but it remains unclear if they can generally
be converted to the corresponding M,(dobdc) frameworks
under synthetically relevant conditions.'”***” We hypothe-
sized that CORN-MOEF-1 could potentially be converted into
Mg,(dobdc) by treatment with an appropriate base to fully
deprotonate the linkers, such as N,N-dimethylamine generated
from the decomposition of DMF (SI Section 4).

Consistent with this hypothesis, heating of CORN-MOEF-1
(Mg) in DMF at 150 °C for S days allowed for its conversion
into phase-pure Mg,(dobdc), as confirmed by PXRD and a
distinct color change from tan to yellow (Figure 8ab).
Conversion of large hexagonal plates of CORN-MOF-1 (Mg)
into rods of Mg,(dobdc) could also be monitored over time by
SEM (Figure 8c—f), confirming that this process occurs as a
solid-to-solid transformation (SI Figures S18, S19, and S22).
After soaking in MeOH to remove soluble impurities, the
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formate groups originally present in CORN-MOF-1 (Mg)
were also absent in converted Mg,(dobdc) by ATR-IR (SI
Figure S24). The overall process of synthesizing CORN-MOF-
1 (Mg) and converting it into Mg,(dobdc) could be carried
out on at least 10 mmol scale in good yield (4.23 g, 87% yield),
in contrast to the traditional solvothermal synthesis of
Mg,(dobdc), which failed on >1 g scale in our hands (SI
Section §).*

After desolvation of the converted Mg,(dobdc), its porosity
was assessed using 77 K N, adsorption/desorption isotherms
(Table 1, SI Figures S25 and S26). Intriguingly, its BET (1829
+ 3 m*/g) and Langmuir (2060 + 2 m*/g) surface areas were
found to be slightly higher than the BET (1743 m*/g)>* and
Langmuir (1957 + 2 m?/g)*® surface areas reported for this
material. Overall, these results suggest that the two-step
synthesis of Mg,(dobdc) has improved scalability and leads to
a higher surface area MOF compared to the traditional
solvothermal synthesis under dilute conditions.

Generalization to Other M,(dobdc) Variants. One of
the most intriguing features of the M,(dobdc) family is the
breadth of cations that can be incorporated into this
framework.” ~** As such, we examined the generality of the
formation of CORN-MOF-1 at high reaction concentrations
with different metals (Figure 8). CORN-MOF-1 (Mn) also
forms during attempted high-concentration syntheses of
Mn,(dobdc) (Figure 8b, SI Figure S39, SI Section 7). This
material could be converted into Mn,(dobdc) by heating in
DMF (Figure 8b, SI Section 8). Consistent with the results
observed for the Mg analogue, the BET surface area of
Mn,(dobdc) prepared from CORN-MOF-1 (Mn) was higher
(1165 + 9 m*/g, Table 1, SI Figure S56 and S57) than that
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Figure 7. (a) PL decay curves for 0.1 mM H,dobdc in THF (dark-green triangles), CORN-MOF-1 (Mg) powder (blue circles), H,dobdc powder
(light green triangles), and Mg,(dobdc) powder (red squares). Decay curves were extracted by integration over the entire PL spectrum. (b)
Spectral evolution of H,dobdc powder within the first 3 ns. (c) Spectral evolution of Mg,(dobdc) within the first 1.5 ns. The excimer formation is
near the 1 ns resolution of the ICCD. (d) Spectral evolution of CORN-MOF-1 (Mg) within the first 25 ns.

reported previously for this MOF (1102 m?/g).”* As previous
studies into the mechanism of M,(dobdc) formation have
focused on the Mg, Co, Ni, and Zn congeners,lz’?’g’%52 this
represents the first experimental evidence that Mn,(dobdc)
likely also forms via stepwise deprotonation of the linker.
Carrying out the synthesis of Ni,(dobdc) at high reaction
concentrations consistently produced a mixture of CORN-
MOF-1 (Ni) and Ni,(dobdc) (Figure 8b, SI Figure S63, SI
Section 10). The observation of Ni,(dobdc) even at
concentrations as high as 1.5 M is likely due to the poor
reversibility of Ni,(dobdc) formation, which arises from the
strong Ni—O bonds comprising this MOF. Once again, phase-
pure Ni,(dobdc) could be prepared on a multigram scale from
the mixture containing CORN-MOF-1 (Ni) (Figure 8b, SI
Section 11) with a higher BET surface area (1270 + 1, Table 1,
SI Figures S71 and 72) than material prepared by the
traditional solvothermal route (1218 m?/g).”* Ni,(dobdc)
prepared via CORN-MOF-1 (Ni) also exhibits better-defined
crystallites by SEM compared to the material prepared under
traditional conditions (SI Figure S68). Overall, these findings

suggest that the phase change to CORN-MOF-1 at higher
reaction concentrations is general among M,(dobdc) frame-
works. The large scales at which these two-step syntheses
furnish high-quality M,(dobdc) without the requirement for
specialized equipment gives this method an edge over state-of-
the-art alternatives, such as mechanochemical syntheses that
require ball mills.***>”*”?

A break in this trend was observed for the Zn congener (SI
Section 13). Although CORN-MOF-1 (Zn) was not observed,
its attempted synthesis at a linker concentration of 1.0 M
yielded the known one-dimensional polymer Zn,(H,dobdc)
instead (SI Figure $77).*** Previous studies suggest that this
material is a kinetic intermediate formed en route to
Zn,(dobdc) under mechanochemical conditions.** Thus, its
formation under conditions similar to those for CORN-MOF-
1 (Mg, Mn, Ni) further supports that the CORN-MOF-1
congeners are formed during the solvothermal syntheses of the
corresponding M,(dobdc) analogues. CORN-MOEF-1 (Zn) is
likely not formed due to the lability of Zn—O bonds compared
to Mg—0, Mn—O0, and Ni—O bonds, and the flexibility of Zn
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Figure 8. (a) Synthesis of Mg, Mn, and Ni analogues of CORN-MOF-1, and M,(dobdc) converted from the corresponding CORN-MOF-1
analogues. (b) PXRD patterns of CORN-MOF-1 (Mg, Mn, and Ni) and the converted M,(dobdc) (M = Mg, Mn, and Ni) analogues. SEM images
of the conversion of CORN-MOF-1 (Mg) hexagonal plates to Mg,(dobdc) rods by heating in DMF at 150 °C after (c) 0, (d) 24, (e) 72, and (f)

120 h. R = alkyl, H.

Table 1. BET Surface Areas of M,(dobdc) Samples
Prepared from the Corresponding CORN-MOEF-1
Analogues

M, (dobdc) BET surface area BET surface area (lit.)
Mg 1829 + 3 1743%*
Mn 1165 + 9 1102*
Ni 1270 + 1 1218%*

coordination complexes. The observed 1D polymer
Zn,(H,dobdc), which has an octahedral geometry with two
weakly bound solvent molecules, is likely more stable than the
analogous CORN-MOF-1 phase.

B CONCLUSIONS

Herein, we have demonstrated that simply increasing the
concentration of the solvothermal synthesis of M,(dobdc)
analogues (M = Mg, Mn, Ni) up to 150-fold leads to a new
phase, CORN-MOF-1, with protonated phenol groups and
charge-balancing or coordinated formate groups in the pores.
This finding supports previous findings that stepwise linker
deprotonation occurs during the self-assembly of M,(dobdc)
materials'**”***” and implicates formate as a noninnocent
species during MOF formation in formamide solvents.*’
Critically, CORN-MOF-1 (Mg) is highly photoluminescent
in the solid state, whereas closely related H,dobdc and
Mg,(dobdc) are only weakly emissive, which photophysical
studies confirm is due to the suppression of dark excimer

formation in CORN-MOEF-1 (Mg). Notably, CORN-MOF-1
(Mg) is the first framework based on the H,dobdc®" linker that
is not proposed to emit via an ESIPT pathway, broadening the
scope of photophysical properties that can be unlocked by
using these materials. Together, these findings support that
high-concentration synthesis represents an underutilized
method to gain mechanistic insight into the pathways of
MOF self-assembly and to identify new phases with distinct
(photo)physical properties from known materials.

In addition, we have shown that kinetic phases formed at
high concentrations can be converted into the known
thermodynamic M,(dobdc) materials. The produced frame-
works are highly crystalline and possess BET surface areas that
are consistently higher than those obtained by a traditional
solvothermal synthesis. This novel two-step synthetic approach
is amenable to the multigram-scale synthesis of M,(dobdc) (M
= Mg, Mn, Ni) materials without the need for specialized
equipment.

We anticipate that these findings will guide the development
of high-concentration syntheses of other MOFs. Two desirable
outcomes can be envisaged: the formation of the same phase as
the reaction concentration is increased, which allows for MOFs
to be prepared with significantly reduced solvent use or the
formation of new phases with distinct properties from known
combinations of linkers and metal salts. In the latter case,
changing the concentration of a MOF synthesis is much
simpler than evaluating dozens of conditions to produce a new
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MOF phase from a given linker-metal combination. As such,
high-concentration solvothermal synthesis should be added to
the growing lexicon of methods available for the synthesis of
MOFs and other metal—organic materials. Future work will
focus on growing high-quality single crystals of CORN-MOE-1
variants to enable their structure determination and investigat-
ing the high-concentration solvothermal syntheses of other
MOFs.

B EXPERIMENTAL SECTION

Characterization Details. Full details of all measurements are
provided in the SI. ATR-IR spectra were collected on a Bruker Tensor
I spectrometer equipped with a diamond ATR attachment. Surface
area data were collected on either a Micromeritics ASAP 2020 or a
Micromeritics 3Flex gas sorption analyzer using ultrapure N,
(99.999%) and a liquid N, bath. Laboratory PXRD data were
collected on a Rigaku Ultima IV diffractometer equipped with a Cu
K, source (A = 1.5406 A). 'H NMR data were collected on a Bruker
INOVA 500 MHz spectrometer and are referenced to the residual
solvent. Thermogravimetric analysis (TGA) experiments were
conducted by using a TA Instruments TGA QS00 under a flow of
dry N, (60 mL/min). Masses are uncorrected for buoyancy effects.
Differential scanning calorimetry (DSC) measurements were
conducted using a TA Instruments Q1000 modulated differential
scanning calorimeter (MDSC) under an atmosphere of dry He.

SSNMR experiments were performed at a field strength of 9.4 T
(400 MHz for 'H) using a Bruker AVANCE I console with a 2.5 mm
MAS probe. All SSNMR experiments were performed at a MAS rate
of 25 kHz. '"H NMR spectra were recorded via a simple pulse-
acquisition sequence with the recycle delay adjusted to yield
quantitative data. A "H probe background spectrum was also recorded
and subtracted from the data to give the final spectra. *C NMR
spectra were obtained by cross-polarization (CP) from 'H with a
contact time of 1 ms (unless otherwise specified) and with
continuous-wave 'H decoupling. NMR spectra were referenced to
adamantane at 1.8 ppm for 'H and at 38.5 ppm for *C (left-hand
resonance).

SEM images were collected at 1.0 kV using a Zeiss Gemini 500
Scanning Electron Microscope. The powder samples were immobi-
lized on carbon tape mounted on an aluminum stub. The samples
were blown using compressed air to remove excess material not stuck
to the tape and then coated with a carbon layer on samples dried at 30
°C prior to analysis.

Detailed procedures for PL and TEM measurements as well as
DEFT calculations are provided in the SI.

Representative Synthesis of CORN-MOF-1 (Mg). A 75 mL
screw-cap high-pressure flask equipped with a stir bar was charged
with Mg(NO,),e6H,0 (9.62 g, 37.5 mmol, 2.50 equiv), H,dobdc
(2.97 g, 15.0 mmol, 1.00 equiv), DMF (9.0 mL), EtOH (0.5 mL), and
water (0.5 mL). The flask was sealed and placed in a silicone oil bath,
and the reaction mixture was heated to 120 °C while being vigorously
stirred (1000 rpm). The reaction mixture was stirred at 120 °C for 24
h. At this time, the reaction mixture was cooled to room temperature
and filtered. The resulting solid was washed thoroughly with DMF
(100 mL) and MeOH (100 mL). Drying under a vacuum yielded
CORN-MOF-1 (Mg) as a tan solid (~6.6 g).

B ASSOCIATED CONTENT
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