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A current barrier to the practical applications of metal-organic frameworks (MOFs) is the vast quantity of
organic solvents required for their preparation under dilute solvothermal conditions. Herein, we report
the rapid, ambient-temperature, and high-concentration (up to 1.0 M) aqueous syntheses of three
families of salicylate-based MOFs: My(dobdc) (M = Mg, Co, Ni, Zn; dobdc*™ = 2,5-dioxido-1,4-
terephthalate), M,(dobpdc) (M = Mg, Co, Ni, Zn; dobpdc*™ = 4,4'-dioxidobiphenyl-3,3'-dicarboxylate),
and My(m-dobdc) (M = Mg, Co, Ni; m-dobdc*~ = 4,6-dioxido-1,3-benzenedicarboxylate). High-
concentration MOF formation is accomplished by incorporating NaOH to deprotonate the linker
molecules in situ, generally avoiding the crystallization of phases with partially protonated linkers favored
under high-concentration solvothermal conditions. 77 K N, surface area measurements confirm that the
MOFs (especially Zn-based frameworks) demonstrate comparable or enhanced surface areas relative to
traditionally prepared materials. Furthermore, this method enables the first synthesis of Zn,(m-dobdc),
which does not form under standard solvothermal conditions. This material exhibits higher CO, uptake
and ideal adsorbed solution theory (IAST) CO,/N, selectivities compared to the canonical framework
Zny(dobdc), highlighting the utility of agueous high-concentration methods to facilitate the discovery of
porous materials with improved gas sorption properties. Overall, our findings offer a practical and
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1 Introduction

Metal-organic frameworks (MOFs) are porous, crystalline
coordination polymers with myriad potential applications in
catalysis, chemical separations, gas storage, and beyond.*™*
Among these, frameworks bearing coordinatively unsaturated
metal sites are particularly valued due to their strong interac-
tions with guest molecules through Lewis acid-base interac-
tions.® The M,(dobdc) (M = Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd;
dobdc*™ = 2,5-dioxidobenzene-1,4-dicarboxylate), MOF-74, or
CPO-27 series, and related M,(dobpdc) (M = Mg, Mn, Fe, Co, Ni,
Zn; dobpdc*™ = 4,4’-dioxidobiphenyl-3,3’-dicarboxylate)®” and
M,(m-dobdc) (M = Mg, Mn, Fe, Co, Ni; m-dobdc®™ = 4,6-
dioxido-1,3-benzenedicarboxylate) families,® represent a privi-
leged group of frameworks due to their high gravimetric and
volumetric densities of five-coordinate M>" centers, which
contribute to their exceptional gas sorption properties.>*® For
example, M,(m-dobdc) possesses a high density of exposed
cationic sites, leading to record-setting adsorption capacities
for gases such as H, and CO,.""'> However, a barrier to the large-
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production and implementation in industrial settings.

scale deployment of these salicylate-based frameworks is their
synthesis; they are typically prepared under ultra-dilute (<0.01
M) solvothermal conditions, necessitating the use of liters of
organic solvent(s) to produce only grams of material.** Alter-
natives to traditional dilute solvothermal MOF synthesis
methods have been developed,* including mechanochem-
ical,”' ijonothermal,’”” and hydrothermal® approaches.
Although mechanochemical methods can be employed to
produce salicylate MOFs with minimal organic solvent
use,"**** they require specialized equipment such as ball mills
or twin-screw extruders, which limits their broad applicability
for non-experts. Ionothermal methods (i.e., using a metal salt as
both the MOF precursor and solvent) to produce salicylate
MOFs have also been reported but remain limited to specific
frameworks.”” There are scattered reports of the aqueous
syntheses of certain M,(dobdc) variants,*=° but their generality
towards other salicylate MOFs remains unclear. Moreover, these
syntheses are generally conducted at dilute-to-intermediate
concentrations (0.01-0.3 M), leading to significant generation
of aqueous waste.

High-concentration methods represent an emerging, opera-
tionally simple, and green alternative to dilute MOF
syntheses.**> However, we**** and others* have shown that
higher reaction concentrations with N,N-dimethylformamide
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(DMF) as the solvent lead to the competing formation of
kinetically-favored MOFs with partially protonated linkers when
applied to the synthesis of M,(dobdc) materials. In particular,
the M,(HCO,),(H,dobdc) or CORN-MOF-1 (M) (CORN = Cornell
University; M = Mg, Mn, Fe, Co, Ni, Zn) series of frameworks are
persistent phases containing H,dobdc>~ linkers that preclude
the preparation of M,(dobdc) materials at all but the lowest
concentrations (<0.05 M). Although we have shown that CORN-
MOF-1 can be converted to M,(dobdc) by heating in DMF, this
process requires long times (>5 days) and dilute conditions
(~0.05 M), leading to significant organic waste.**** As such,
there remains an urgent need to develop simple and scalable
methods to access M,(dobdc) and related salicylate-based MOFs
with reduced organic solvent use.

Recently, we reported the high-concentration (1.00 M)
aqueous synthesis of high-quality Mg,(dobdc) using NaOH as
an exogenous base, which bypasses the formation of phases
with partially protonated H,dobdc®>~ linkers.”® Herein, we
demonstrate that this method can be generalized to enable the
rapid, ambient-temperature synthesis of other M,(dobdc) vari-
ants (M = Mg, Co, Ni, Zn) as well as pore-expanded M,(dobpdc)
(M = Mg, Co, Ni, Zn) and isomeric M,(m-dobdc) (M = Mg, Co,
Ni, Zn) frameworks, for which aqueous syntheses have not been
reported to date. Notably, this includes the previously unre-
ported framework Zn,(m-dobdc), which cannot be prepared
under traditional solvothermal conditions. Our findings offer
a promising solution to replace wasteful and dilute syntheses of
MOFs with green and scalable methods while retaining or even
enhancing their gas sorption properties.

2 Results & discussion
2.1 Aqueous Synthesis of Mg,(dobdc)

Traditional solvothermal methods to prepare M,(dobdc) mate-
rials employ DMF/alcohol mixtures under ultra-dilute (~0.01 M)
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solvothermal conditions.*® In contrast, we recently reported the
1.0 M aqueous synthesis of Mg,(dobdc) on >100 g scale.? This
method is performed without applied heating and only takes
1 h to complete. Such favorable conditions are enabled by the
use of NaOH as a base to deprotonate H,dobdc and form
dobdc?” in situ, rather than relying on the hydrolysis of DMF to
slowly generate the required base. The dissolution of NaOH
causes the reaction mixture to heat up naturally (SI Table S1),
meaning that no applied heating is necessary. The promise of
this method motivated further optimization and investigation
of its generality.

Because the aqueous synthesis of Mg,(dobdc) was only
conducted on >100 g scale previously,” we first confirmed that
the method is similarly effective on a smaller scale. Addition-
ally, concentration can have a significant impact on the success
of MOF crystallization.*” For example, higher concentration
conditions should lead to a faster rate of self-assembly and thus
reduced crystallinity and/or increased defect content.’” There-
fore, multiple concentrations were evaluated (0.1, 0.5, and 1.0
M) to determine which aqueous conditions are optimal for the
preparation of Mg,(dobdc). For direct comparison, we also
synthesized samples of all frameworks under traditional dilute
solvothermal conditions in DMF/alcohol mixtures at a reaction
concentration of 0.01 M (see SI Section 8 for details). Addi-
tionally, we attempted the syntheses of M,(dobdc) and M,(m-
dobdc) at a higher reaction concentration of 0.1 M; this led to
the wrong phase or low-surface-area materials in most cases,
consistent with literature findings,**** although it was largely
successful for Ni,(dobdc), Co,(m-dobdc), and Ni,(m-dobdc) (SI
Table S17). This finding highlights the advantage of the
aqueous conditions studied herein for high-concentration MOF
synthesis.

To test the aqueous syntheses of Mg,(dobdc) on a smaller
scale (SI Section 3.1), Mg(NO3),-6H,0 (2.5 equiv.) was dissolved
in 5.0 mL, 1.0 mL, or 0.5 mL of H,O depending on the desired

M,(m-dobdc)
(0]
HO OH
HO.
OH
HO OH
HO
OH
(¢] (¢]
(e]
H,dobdc H,dobpdc H,m-dobdc

Fig.1 Structures and linkers of M,(dobdc), M,(dobpdc), and M,(m-dobdc). Black, grey, red, and white spheres represent metal, carbon, oxygen,

and hydrogen atoms, respectively.
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Fig. 2 (a) Reaction conditions for the high-concentration aqueous

synthesis of Mg,(dobdc). (b) Baseline-corrected PXRD patterns (2 =
1.5406 A) of Mg,(dobdc) synthesized at different reaction concentra-
tions. The simulated pattern based on the previously reported single-
crystal X-ray diffraction (SCXRD) structure of the isostructural Zny(-
dobdc) is included (ref. 38).

concentration (0.1 M, 0.5 M, or 1.0 M, respectively) in a 20 mL
scintillation vial. In a separate 20 mL scintillation vial equipped
with a stir bar, NaOH (4.0 equiv.), H,dobdc (1.00 equiv.), and 5.0
mL, 1.0 mL, or 0.5 mL of H,O were combined depending on the
desired concentration (0.1 M, 0.5 M, or 1.0 M, respectively). The
Mg(NO;), - 6H,0 solutions were added to the Hydobdc solutions
all at once, and the mixtures were stirred at ambient tempera-
ture for 1 h. The reaction mixtures were then filtered, and the
obtained solids were soaked in methanol (MeOH) at 60 °C for
six 12-24 h washes to remove soluble impurities prior to char-
acterization by powder X-ray diffraction (PXRD) (Fig. 2b) and 77
K N, adsorption/desorption measurements (Table 1, SI Fig. S9).

The PXRD patterns of Mg,(dobdc) prepared at all concen-
trations agree well with the simulated pattern corresponding to

Table 1 BET and Langmuir surface areas of M(dobdc) (M = Mg, Co,
Ni, Zn)

Surface area (m* g™ )

M,(dobdc) Conc. (M) BET Solvothermal BET* Lit. BET

Mg 0.5 1597 £1 1506 +1 1510 (ref. 42)
Co 1.0 1155 £1 1092 + 2 1341 (ref. 43)
Ni 1.0 1160 £1 1383 +1 1218 (ref. 43)
Zn 1.0 1274 £1 1200 £1 1039 (ref. 25)

¢ Synthesized at 0.01 M in DMF/alcohol.
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the previously reported single-crystal X-ray diffraction (SCXRD)
structure of Zn,(dobdc) (Fig. 2b).*® Nonetheless, differences in
the broadness of reflections between samples indicate varia-
tions in crystallite sizes related to reaction concentration (see
further analysis below). The formation of Mg,(dobdc) was also
confirmed by infrared (IR) spectroscopy (SI Fig. S16). PXRD
analysis of the crude solids obtained before washing in MeOH
confirmed Mg,(dobdc) to be present in the 0.5 M and 1.0 M
samples, indicating that it does not form during the soaking
procedure (SI Fig. S8). However, the 0.1 M sample initially
crystallized as an unknown phase that converts to Mg,(dobdc)
after soaking in MeOH (SI Fig. S8). The PXRD pattern of this
unknown phase was reliably indexed, but its unit cell does not
match any reported Hydobdc-based materials (SI Fig. S140).
Although a different phase is formed initially at 0.1 M, the
properties of the obtained Mg,(dobdc) resemble those of the
materials synthesized at higher concentrations.

The porosities of Mg,(dobdc) samples synthesized at
different reaction concentrations were next evaluated. The
samples were activated using supercritical CO,, slowly heated
(250 °C, 0.1 °C min~") under high vacuum (<10 pbar), and then
held for a minimum of 12 h at 250 °C under high vacuum. Ramp
rates faster than 0.1 °C min~" often led to lower surface areas,
likely due to partial framework collapse.”® The 77 K N, BET
surface areas of Mg,(dobdc) samples are all high and fall within
areasonably similar range: 1532 £ 1 m* g~ (0.1 M), 1597 = 1 m>
¢~ (0.5 M), and 1569 + 1 m* g~ (1.0 M) (Table 1, SI Fig. S9 and
Table S2). These BET surface areas are also comparable to the
value of 1506 + 1 m* g~ ' obtained for a sample of Mg,(dobdc)
prepared under traditional solvothermal conditions (Table 1
and SI Fig. S148). Together, these findings confirm that our
previously developed high-concentration aqueous method* can
be scaled down and conducted at a range of reaction concen-
trations, which permits a broad evaluation of its applicably to
other salicylate-based MOF syntheses. This is in contrast to
solvothermal methods in DMF/alcohol mixtures, for which
different (mixtures of) phases have been reported at different
concentrations when attempting to synthesize Mg,(dobdc) (SI
Fig. $141).3%

2.2 Aqueous Synthesis of M,(dobdc) Variants (M = Co, Ni,
Zn),(dobdc)

Next, the generality of this method to other M,(dobdc) variants
(M = Co, Ni, Zn) was investigated. Although these MOFs have all
been previously synthesized under aqueous conditions,** they
have not been prepared at concentrations higher than ~0.3 M.
We applied the high-concentration aqueous method to access
other variants of M,(dobdc) (M = Co, Ni, Zn) under similar
conditions as Mg,(dobdc), changing only the metal salt
precursor and activation conditions (180 °C instead of 250 °C)
accordingly (Fig. 3a, SI Sections 3.2-3.4). This approach was
successful in crystallizing all isostructural variants at reaction
concentrations of 0.1 M, 0.5 M, and 1.0 M, as confirmed by
PXRD (Fig. 3b). The PXRD patterns of the MOF samples with the
highest BET surface areas (Table 1) are shown in Fig. 3b.
Notably, the highest BET surface areas of Co, Ni, and Zn analogs
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were obtained at the highest reaction concentration of 1.0 M,
potentially due to the formation of more defects under these
conditions. These values match or exceed those of materials
prepared under dilute solvothermal conditions (Table 1 and SI
Fig. $148). In particular, the BET surface area of Zn,(dobdc)
reported herein (1274 = 1 m® g~ ! at 1.0 M) surpasses values
previously reported for this MOF (702-1039 m* g~ ') and ob-
tained herein under solvothermal conditions (1200 + 1 m* g™ "),
representing an advantage of mild aqueous synthesis.*?**3%
During the self-assembly of M,(dobdc), the relative bond
strengths between different transition metal ions and the
dobdc*™ linkers are expected to follow the empirical Irving-
Williams series and contribute to divergent reversibility during
MOF crystallization, which is reflected in differences in relative
crystalline domain sizes.** This possibility was evaluated using
whole powder pattern decomposition of experimental PXRD
patterns to determine volume-weighted average crystalline
domain sizes (LVol-IB) of each framework prepared at all
concentrations (SI Section 6). Indeed, the crystallite sizes of the
obtained MOFs reflect the expected trend in stability among
metal variants (SI Fig. S137 and Table S13). At all concentra-
tions, the largest crystalline domains were formed in Zn,(-
dobdc) (0.1 M: 773 £ 151 nm, 0.5 M: 145 + 4 nm, 1.0 M: 289 nm
=+ 19 nm), and the smallest in Ni,(dobdc) (0.1 M: 11.3 & 0.6 nm,
0.5 M: 10.4 £ 0.9 nm, 1.0 M: 12.9 nm + 0.8 nm), exceeded by
Co,(dobdc) (0.1 M: 56.3 £+ 16.0 nm, 0.5 M: 45.8 £+ 12.8 nm,

a o NaOH (4 equiv.)
HO M(NO3), - 6H,0 (2.5 equiv.)
OH M = Mg, Co, Ni, Zn
> M;(dobdc)
Ho. 2
OH H20 (X M)
i, 1h
0 X=0.1M,05M1.0M
H4dobdc
b
l A Zn (1.0 M)
Ni (1.0 M)
b '..J.A.A
2
L A \ Co (1.0 M)
< - -
Mg (0.5 M)
1 1 Simulated

10 20 30 40 50
20 (degrees)

Fig. 3 (a) Reaction conditions for the high-concentration aqueous
synthesis of My(dobdc) (M = Mg, Co, Ni, Zn). (b) Baseline-corrected
PXRD patterns (A = 1.5406 A) of M(dobdc). The patterns corre-
sponding to samples exhibiting the highest BET surface areas are
shown. The simulated pattern based on the previously reported
SCXRD structure of Zn,(dobdc) is included (ref. 38).
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1.0 M: 63.2 nm =+ 9.5 nm) by only a small amount. Mg,(dobdc)
(0.1 M: 195 £ 11 nm, 0.5 M: 54.0 £ 3.4 nm, 1.0 M: 42.0 nm =+ 3.1
nm) forms the second largest crystalline domains at 0.1 M and
is close to Co,(dobdc) at higher concentrations. As the reaction
concentrations increase from 0.1 to 0.5/1.0 M, the crystalline
domain sizes of all samples generally decrease, consistent with
faster self-assembly at the cost of inhibited crystallization at
higher concentrations.’” The desired M,(dobdc) phase was
identified as the major product of the initial aqueous syntheses
of the Co, Ni, and Zn variants (SI Fig. $19, S30 and S41) prior to
MeOH treatment, similar to the results obtained for Mg,(dobdc)
at higher reaction concentrations (SI Fig. S8). Overall, these
findings confirm that porous and crystalline M,(dobdc) variants
can be readily prepared under high-concentration aqueous
conditions.

2.3 Aqueous Synthesis of Mg,(dobdc)

To determine whether this method can be extended to the
synthesis of MOFs bearing other salicylate linkers, it was
applied to the isoreticularly expanded M,(dobpdc) (M = Mg, Co,
Ni, Zn) series of frameworks, which are distinguished by larger
pore diameters (18-22 A) compared to M,(dobdc) (13-15 A)

O ”
NaOH (4 equiv.)

M(NO3), - 6H,0 (2.5 equiv.)

O M = Mg, Co, Ni, Zn
M;(dobpdc)
HO H0 (X M)
,1h
O OH X=0.1M,05M1.0M
Hydobpdc
b
A g Zn (1.0 M)
_M Ni (0.1 M)
> o
‘»
T _AJ_ N N Co (0.5 M)
<
A Mg (0.1 M)
l | ) Simulated
10 20 30 40 50

20 (degrees)

Fig. 4 (a) Reaction conditions for the high-concentration aqueous
synthesis of M,(dobpdc) (M = Mg, Co, Ni, Zn). (b) Baseline-corrected
PXRD patterns (A = 1.5406 A) of M,(dobpdc). The patterns corre-
sponding to samples exhibiting the highest BET surface areas are
shown. The simulated pattern based on the previously reported
SCXRD structure of Zn,(dobpdc) is included (ref. 44).

This journal is © The Royal Society of Chemistry 2025
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(Fig. 1).* These frameworks have been employed in specialized
applications such as cooperative CO, adsorption in amine-
appended variants.® The high-concentration, ambient-
temperature aqueous method outlined above was modified
simply by employing H,dobpdc in place of Hydobdc with no
other changes (Fig. 4a, SI Section 4). As confirmed by PXRD
(Fig. 4b, SI Fig. S51, S62, S73 and S84), all four M,(dobpdc)
frameworks can be synthesized under these conditions, repre-
senting the first reported aqueous preparations thereof.>® The
formation of each M,(dobpdc) variant was also confirmed via IR
spectroscopy (SI Fig. S60, S71, S82 and S93).

The PXRD patterns of samples with the highest BET surface
areas are presented in Fig. 4b. Although the PXRD patterns of all
samples match the simulated pattern of Zn,(dobpdc),** they
show varied line broadening, indicating a range of crystallite
sizes (SI Table S13 and SI Fig. S138). Reflecting a similar trend
as the M,(dobdc) series, Zn,(dobpdc) (0.1 M: 523 + 68 nm,
0.5 M: 157 = 7 nm, 1.0 M: 153 nm + 10 nm) contains the largest
crystalline domains at all concentrations, followed by Co,(-
dobpdc) (0.1 M: 34.1 + 4.6 nm, 0.5 M: 43.3 + 4.9 nm, 1.0 M:
31.6 nm =+ 9.6 nm), Mg,(dobpdc) (0.1 M: 10.5 &+ 1.1 nm, 0.5 M:
30.0 + 3.6 nm, 1.0 M: 15.7 nm =+ 2.7 nm), and Ni,(dobpdc)
(0.1 M: 9.0 + 0.2 nm, 0.5 M: 9.7 £+ 0.3 nm, 1.0 M: 10.4 nm + 0.8
nm). The domain sizes of all variants other than Zn,(dobpdc)
are relatively small and similar regardless of the concentration.
Relatedly, whereas the Mg, Ni, and Co variants were all detected
by PXRD after their initial aqueous syntheses (SI Fig. S52, S63
and S74), the Zn variant initially forms as an unknown crystal-
line phase or mixture of phases at all concentrations that
subsequently transform(s) into Zn,(dobpdc) upon soaking in
MeOH (SI Fig. S85). This distinct formation mechanism may
account for its exceptional crystallinity among M,(dobpdc)
variants. Notably, our attempt to prepare Zn,(dobpdc) under
dilute solvothermal conditions was unsuccessful, highlighting
the unique suitability of aqueous conditions for the preparation
of this material (SI Fig. S143). Together with the good porosity
and crystallinity of Zn,(dobdc) synthesized under aqueous
conditions (Fig. 3a and Table 1), these results indicate that
aqueous synthesis followed by soaking in MeOH may be
particularly effective for the preparation of Zn-based salicylate
MOFs.

To analyze the porosity of each M,(dobpdc) variant, super-
critical CO, activation and slow heating was employed. After
activation, 77 K N, adsorption/desorption isotherms for each
MOF were collected (SI Tables S6-S9); the M,(dobpdc) samples
with the highest BET surface areas are included in Table 2. The
reaction concentrations that produced the highest surface areas
among M,(dobpdc) frameworks were more variable than for
M,(dobdc) (Table 2). The highest surface area is obtained at
1.0 M (2574 + 77 m? g™ ") for Zn,(dobpdc), 0.5 M for Co,(-
dobpdc) (2371 + 42 m* g™ ), 0.1 M for Mg,(dobpdc) (2369 =+ 40
m> ¢7"), and 0.1 M for Niy(dobpdc) (1794 + 17 m”> g7%),
compared to the optimal 1.0 M synthesis for most M,(dobdc)
frameworks. Notably, this is the highest BET surface area of
Zn,(dobpdc) reported to date.*® The BET surface areas of other
analogs of M,(dobpdc)—those formed directly and containing
stronger metal-linker bonds—were generally less competitive

This journal is © The Royal Society of Chemistry 2025
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Table 2
Ni, Zn)

BET and Langmuir surface areas of M,(dobpdc) (M = Mg, Co,

Surface area (m> g™ %)

M,(dobpdc) Conc. (M) BET Solvothermal BET* Lit. BET

Mg 0.5 2369 + 40 2850 =+ 84 3270 (ref. 43)
Co 1.0 2371 £ 42 3250 £ 87 2255 (ref. 43)
Ni 1.0 1794 + 17 3240 + 87 2059 (ref. 43)
Zn 1.0 2574 + 77 N/a 1873 (ref. 43)

“ Synthesized at 0.01 M in DMF/alcohol.

with values obtained under dilute solvothermal conditions
(Table 2). Metal-linker bond strengths may exert a more
controlling influence on the crystallization of M,(dobpdc)
frameworks than M,(dobdc). Regardless, these findings
confirm that highly porous M,(dobpdc) variants can be readily
prepared under high-concentration aqueous conditions.

2.4 Aqueous synthesis of M,(m-dobdc) variants (M = Mg,
Co, Ni)

The developed mild synthetic method was applied to a third
series of known salicylate-based MOFs: M,(m-dobdc) (M = Mg,
Co, Ni) (SI Section 5). While these frameworks share the same
overall pore size and hexagonal topology as the corresponding
M,(dobdc) variants, the alteration of the linker makes their M>*
sites slightly more exposed and thus more Lewis acidic.""*?
Under the optimized aqueous conditions at ambient tempera-
ture, the known M,(m-dobdc) (M = Mg, Co, Ni) frameworks
were successfully synthesized at all tested concentrations
(Fig. 5a). The desired M,(m-dobdc) materials were obtained
after MeOH washes, as determined through PXRD analysis and
comparison to the simulated pattern of Co,(m-dobdc) (Fig. 5b,
SI Fig. S95, S106 and S117).* The formation of these MOFs was
also confirmed using IR spectroscopy (SI Fig. S104, S115 and
S126). These findings represent the first reported syntheses of
all three MOFs under aqueous conditions.

The crystalline domain sizes of M,(m-dobdc) MOFs do not
follow a uniform trend in reaction concentration but are
generally largest at a reaction concentration of 0.1 M (SI Table
S13 and SI Fig. S139). The crystallite sizes of Co,(m-dobdc)
samples (0.1 M: 87.3 & 11.0 nm, 0.5 M: 63.4 + 7.7 nm, 1.0 M:
116 nm =+ 3 nm) were slightly larger than Mg,(m-dobdc) (0.1 M:
67.8 £ 3.1 nm, 0.5 M: 37.0 + 2.5 nm, 1.0 M: 59 nm =+ 3 nm) and
Ni,(m-dobdc) (0.1 M: 22.7 + 2.3 nm, 0.5 M: 46.5 & 2.4 nm, 1.0 M:
38.7 nm =+ 2.0 nm) samples overall, which were similar. Much
like the syntheses of Mg,(dobdc) at 0.1 M (SI Fig. S8) and
Zn,(dobpdc) at all concentrations (SI Fig. S85), Mg,(m-dobdc)
initially forms as an unidentified crystalline phase or mixture of
phases at all concentrations that convert(s) to Mg,(m-dobdc)
upon soaking in MeOH (SI Fig. S96). It is likely that mechano-
chemical synthesis of this material without added solvent
proceeds through a similar step-wise mechanism."" In contrast,
the Co (SI Fig. $107) and Ni (SI Fig. S118) variants of this
material crystallize directly from the aqueous reaction mixture.
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Fig. 5 (a) Reaction conditions for the high-concentration aqueous
synthesis of known M,(m-dobdc) (M = Mg, Co, Ni) variants. (b) Base-
line-corrected PXRD patterns (A = 1.5406 A) of M,(m-dobdc). The
patterns corresponding to samples exhibiting the highest BET surface
areas are shown. The simulated pattern based on the previously re-
ported SCXRD structure of Co,(m-dobdc) is included (ref. 45).

The porosities of M,(m-dobdc) variants were analyzed
through 77 K N, adsorption/desorption measurements (SI
Tables S10-S12). The reaction concentration that produced
samples with the highest surface areas among M,(m-dobdc)
frameworks was consistently 0.5 M, possibly reflecting an ideal
balance between crystallinity and defects formed at higher
concentrations (Table 3). Overall, these values are somewhat
lower than optimized dilute solvothermal (Table 3) or mecha-
nochemical syntheses of these frameworks. Nonetheless, our
findings illustrate that M,(m-dobdc) variants can be readily
prepared under high-concentration aqueous conditions, further
supporting that this approach can be generalized across
salicylate-based MOFs.

Table 3 BET and Langmuir surface areas of My(m-dobdc) (M = Mg,
Co, Ni, Zn)

Surface area (m* g™ ")

M,(m-dobdc) Conc. (M) BET Solvothermal BET* Lit. BET

Mg 0.5 1330 + 2 1404 + 2 1556 (ref. 46)
Co 1.0 1169 £1 1166 + 1 1264 (ref. 45)
Ni 1.0 977 £1 1080 =1 1321 (ref. 45)
Zn 1.0 1216 £1 N/a N/a

¢ Synthesized at 0.01 M in DMF/alcohol.
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2.5 Aqueous synthesis of Zn,(m-dobdc)

Following the successful aqueous syntheses of salicylate MOFs,
particularly Zn-based materials, we hypothesized that this
method could facilitate the synthesis of a currently elusive
framework: Zn,(m-dobdc). Despite the breadth of studies eval-
uating salicylate-based MOFs for various applications in gas
storage and separations.>®*” Zn,(m-dobdc) has never been re-
ported, implying that it does not form efficiently under tradi-
tional solvothermal conditions. Indeed, in six separate trials
using representative combinations of organic solvents and
common Zn salt precursors used to synthesize related
MOFs,">* Zn,(m-dobdc) was not obtained, as determined by
PXRD analysis (Fig. 6a, SI Section 5.4).

As the presented aqueous procedure was effective for
preparing other members of this series, we next applied it to the
synthesis of Zn,(m-dobdc). At a concentration of 0.1 M, an off-
white solid quickly formed; the PXRD pattern of this solid
matched the simulated pattern of Co,(m-dobdc),* indicating
the direct preparation of Zn,(m-dobdc) for the first time (Fig. 6a
and SI Fig. S128). As confirmation, Rietveld refinement of the
powder pattern of Zn,(m-dobdc) using an initial model derived
from the SCXRD structure of Co,(m-dobdc)* produced an
excellent match to the experimental data (R,,, = 6.13%, Fig. 6b).
Upon activation, Zn,(m-dobdc) crystallizes in the R3m space
group with unit cell parameters a = 25.8808(5) A and ¢ =
6.78977(19) A.** The formation of Zn,(m-dobdc) is also sup-
ported by IR spectroscopy (SI Fig. S133). Characterization of
Zn,(m-dobdc) by scanning electron microscopy (SEM) revealed
that it is composed of clusters of well-defined hexagonal rods
approximately 5 pm in length (SI Fig. S135). This morphology is
precedented in other variants of this series.* Phase-pure Zn,(m-
dobdc) only forms at 0.1 M out of the three evaluated concen-
trations, as amorphous products or a mixture of phases were
obtained at higher concentrations (Fig. $S128). PXRD analysis
confirms that, after washing in MeOH, Zn,(m-dobdc) contains
larger crystallites (330 £ 31 nm) compared to other M,(m-
dobdc) samples (SI Table S13 and Fig. S139), matching the
findings for Zn-based M,(dobdc) and M,(dobpdc) frameworks.
After activation, 77 K N, adsorption/desorption isotherms
produced BET (1216 + 1 m*> ¢~ ') and Langmuir (1340 m”> g™ ")
surface areas for Zn,(m-dobdc), that are comparable to those of
the structurally related Zn,(dobdc) (1274 = 1 m* g * and 1395
m?” g, respectively). Notably, the synthesis of Zn,(m-dobdc)
could be scaled up ten-fold to produce material with compa-
rable crystallinity and BET surface area (1228 + 1 m”> g~ ') to that
prepared on a small scale (SI Section 9). This high surface area
could be achieved without supercritical CO, activation, indi-
cating that this step may be unnecessary. Together, these data
support the unique crystallization of Zn,(m-dobdc) under
aqueous, ambient-temperature conditions.

Enhanced gas binding at unsaturated metal ions in M,(m-
dobdc) materials relative to M,(dobdc) has been reported for
some adsorbates," indicating that Zn,(m-dobdc) should show
improved adsorption of gases such as CO, compared to Zn,(-
dobdc). To evaluate this possibility, 30 °C CO, and N, adsorp-
tion isotherms of Zn,(m-dobdc) and Zn,(dobdc) synthesized

This journal is © The Royal Society of Chemistry 2025
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Fig.6 (a) Baseline-corrected PXRD patterns (1 = 1.5406 A) of Zn,(m-dobdc) prepared using different synthesis conditions: (A) 13 : 7 DMF : MeOH
with Zn(NOs),-6H,0 as the metal salt at 0.15 M for 24 h at 120 °C, 13:7 DMF: MeOH at 0.015 M for 24 h at 120 °C using (B) ZnCl, and (C)
Zn(NO3),-6H,0 as the metal salts; and high-concentration aqueous synthesis at 0.1 M. The simulated pattern based on the previously reported
SCXRD structure of the isostructural Co,(m-dobdc) is included (ref. 35). (b) Rietveld refinement of the PXRD (i = 1.5417 A) pattern of activated

Zn,(m-dobdc) in an N,-filled capillary. Refined unit cell parameters:

space group = R3m, a = 25.8808(5) A, ¢ = 6.78977(19). Black ticks

correspond to calculated Bragg positions. Goodness of fit parameters: Ry, = 6.13%, Ry = 4.66%, Rexp = 0.32%, GoF =19.3, Rup (Rietveld)/ Rwp (Pawley)
=1.09. GoF(rietveld)/ GOF (pawtey) = 1.08. (c) 30 °C CO, and N, adsorption (filled circles) and desorption (open circles) isotherms of activated Znx(m-
dobdc) and Zny(dobdc). (d) IAST CO,/N, selectivities for Zn,(m-dobdc) and Zn,(dobdc) at 25 °C and 1 bar total pressure.

under aqueous conditions were measured (Fig. 6c¢). Both
materials exhibit steep uptake at low CO, pressures, charac-
teristic of the strong interaction of CO, with coordinatively
unsaturated metal sites. The maximum CO, uptakes at 1 bar
and 30 °C were 5.32 mmol g ' and 4.80 mmol g " in Zn,(m-
dobdc) and Zn,(dobdc), respectively, a marked increase of
0.52 mmol g~ ' in the CO, capacity of Zn,(m-dobdc). The
isotherms were fit to dual-site Langmuir models, and compet-
itive ideal adsorbed solution theory (IAST) CO,/N, selectivities
were calculated for the two MOFs over a range of simulated
CO, : N, mixtures (SI Section 7). Relative to Zn,(dobdc), Zn,(m-
dobdc) was found to adsorb CO, more selectively at all mole
fractions of CO, (Fig. 6d). This is likely due to Zn,(m-dobdc)
exhibiting increased CO, uptake and similar N, uptake

This journal is © The Royal Society of Chemistry 2025

compared to Zn,(dobdc). These results emphasize the utility of
aqueous methods not only as a facile and sustainable alterna-
tive to dilute solvothermal syntheses but also as a route to
isolate new materials with enhanced gas sorption properties.

3 Conclusion

High-concentration, ambient-temperature aqueous synthesis
enables the facile batch production of high-quality salicylate
MOFs with reduced solvent consumption compared to tradi-
tional dilute syntheses. Beginning with the high-concentration
aqueous synthesis of Mg,(dobdc), we extend this method to
other M,(dobdc) variants (M = Mg, Co, Ni, Zn) and investigate
concentration-based changes in MOF crystallization and
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porosity. This method was further employed to synthesize the
salicylate-based MOFs M,(dobpdc) (M = Mg, Co, Ni, Zn) and
M, (m-dobdc) (M = Mg, Co, Ni, Zn). High concentrations (0.5-
1.0 M) produce high-quality M,(dobdc) and M,(m-dobdc)
samples exhibiting competitive surface areas with materials
derived from traditional methods, whereas careful control of
the reaction concentration is needed to maximize porosity in
M,(dobpdc) variants. Notably, this method produces record-
setting porosity in Zn salicylate-based frameworks and facili-
tates the first synthesis of Zn,(m-dobdc), which does not crys-
tallize under traditional solvothermal conditions. CO, and N,
adsorption isotherms support that Zn,(m-dobdc) exhibits
greater CO, uptake and IAST CO,/N, selectivity compared to the
canonical framework Zn,(dobdc) synthesized under the same
conditions, motivating the application of aqueous methods to
the discovery of new MOFs. Overall, we attribute the success of
this aqueous method for the synthesis of Zn salicylate-based
MOFs to two factors: (i) the in situ generation of tetraanionic
linkers by NaOH, effectively directing the growth of the desired
phases over those incorporating partially protonated linkers,
and (ii) labile metal-linker bonding relative to other metal
analogs.?*3*

Overall, our findings have important implications for the
production and implementation of MOFs on scale, as the re-
ported procedure entirely avoids the use of DMF and specialized
equipment in favor of cheaper and more sustainable solvents
like H,O and MeOH. Moreover, this procedure produces MOFs
at concentrations as high as 1.0 M at ambient temperature.
Future research will focus on evaluating the generality of
aqueous, high-concentration synthetic methods towards other
families of MOFs.
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